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SYSTEM AND METHODS FOR OPTIMIZING
EFFICIENCY OF A HYDRAULICALLY
ACTUATED SYSTEM

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 12/977,724, filed Dec. 23, 2010, entitled “Sys-
tem and Methods for Optimizing Efficiency of a Hydrauli-
cally Actuated System,” which claims priority to and the
benefit of U.S. Provisional Patent Application Ser. No.
61/290,107, filed Dec. 24, 2009, entitled “System and Meth-
ods for Optimizing Efficiency of a Hydraulically Actuated
System,” the disclosures of which are hereby incorporated by
reference in their entirety.

BACKGROUND

The invention relates generally to systems and methods of
optimizing the energy efficiency of hydraulic actuation sys-
tems, for use in, for example, storing energy using a system
and methods for optimizing the efficiency of a compressed air
energy storage system.

Traditionally, electric power plants have been sized to
accommodate peak power demand. Moreover, electric power
plant sizing must take into account their maximum power
output, minimum power output, and a middle power output
range within which they most efficiently convert fuel into
electricity. Electric power plants are also constrained in terms
of how quickly they can start-up and shut-down, and it is
commonly infeasible to completely shut-down a power plant.
The combination of power output constraints, and start-up
and shut-down constraints, restricts a power plant’s ability to
optimally meet a fluctuating power demand. These restric-
tions may lead to increased green house gas emissions,
increased overall fuel consumption, and/or to potentially
higher operating costs, among other drawbacks. Augmenting
a power plant with an energy storage system may create an
ability to store power for later use, which may allow a power
plant to fulfill fluctuating consumer demand in a fashion that
minimizes these drawbacks.

An energy storage system may improve overall operating
costs, reliability, and/or emissions profiles for electric power
plants. Existing energy storage technologies, however, have
drawbacks. By way of example, batteries, flywheels, capaci-
tors and fuel cells may provide fast response times and may be
helpful to compensate for temporary blackouts, but have lim-
ited energy storage capabilities and may be costly to imple-
ment. Installations of other larger capacity systems, such as
pumped hydro systems, require particular geological forma-
tions that might not be available at all locations.

Intermittent electric power production sites, such as some
wind farms, may have capacities that exceed transmission
capabilities. Absent suitable energy storage systems, such
intermittent power production sites may not be capable of
operating at full capacity. The applicants have appreciated
that intermittent production sites may benefit from a storage
system that may be sized to store energy, when the production
site is capable of producing energy at rates higher than may be
transmitted. The energy that is stored may be released through
the transmission lines when power produced by the intermit-
tent site is lower than transmission line capacity.

Electric power consumption sites, such as buildings,
towns, cities, commercial facilities, military facilities, may
have consumption that periodically exceeds electricity trans-
mission capabilities. Absent suitable energy storage systems,
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such power consumers may not be capable of operating at
preferred levels. The applicants have appreciated that trans-
mission constrained consumption sites may benefit from a
storage system that may be sized to store energy, when the
consumption site is consuming energy at rates lower than may
be transmitted, and that the transmitted energy that is not
immediately consumed may be stored. The energy that is
stored may be released to the consumers when power con-
sumption of the consumers is higher than the transmission
line capacity.

Compressed air energy storage systems (CAES) are
another known type of system in limited use for storing
energy in the form of compressed air. CAES systems may be
used to store energy, in the form of compressed air, when
electricity demand is low, typically during the night, and then
to release the energy when demand is high, typically during
the day. Such systems include a compressor that operates,
often at a constant speed, to compress air for storage. Tur-
bines, separate from the compressor, are typically used to
expand compressed air to produce electricity. Turbines, how-
ever, often require the compressed air to be provided at a
relatively constant pressure, such as around 35 atmospheres.
Additionally or alternatively, air at pressures higher than 35
atmospheres may need to be throttled prior to expansion in the
turbine, causing losses that reduce the efficiency of the sys-
tem, and/or reduce the energy density that a storage structure
may accommodate. Additionally, to increase electrical
energy produced per unit of air expanded through the turbine,
compressed air in such systems is often pre-heated to elevated
temperatures (e.g., 1000 C) prior to expansion by burning
fossil fuels that both increases the cost of energy from the
system and produces emissions associated with the storage of
energy.

Known CAES-type systems for storing energy as com-
pressed air have a multi-stage compressor that may include
intercoolers that cool air between stages of compression and/
or after-coolers that cool air after compression. In such a
system, however, the air may still achieve substantial tem-
peratures during each stage of compression, prior to being
cooled, which will introduce inefficiencies in the system.
Thus, there is a need to provide for CAES type systems that
have improved efficiencies.

A CAES system may be implemented using a hydraulic
drive system comprised of hydraulic components including
components such as hydraulic pumps. Therefore, there is also
a need for a system and methods to obtain a high efficiency
output of a compressed air energy storage system, or other
systems used to compress and/or expand gas, including con-
trols and operating modes that allow for adjusting or varying
the pressures and/or flow rates of hydraulic fluid within
hydraulic pumps used in operation of such a system.

SUMMARY OF THE INVENTION

Systems and methods for efficiently operating a hydrauli-
cally actuated device/system are described herein. For
example, systems and methods for efficiently operating a gas
compression and expansion energy storage system are dis-
closed herein. Systems and methods are provided for control-
ling and operating the hydraulic pumps/motors used within a
hydraulically actuated device/system, such as, for example, a
gas compression and/or expansion energy system, within a
maximum efficiency range of the pumps throughout an entire
cycle of the system. In such a system, a variety of different
operating regimes can be used depending on the desired out-
put gas pressure and the desired stored pressure of the com-
pressed gas. Hydraulic cylinders used to drive working pis-
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tons within the system can be selectively actuated and/or can
be actuated to achieve varying force outputs to incrementally
increase the gas pressure, within the system for a given cycle.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of an air compression and
expansion energy system according to an embodiment.

FIG. 2A is a schematic illustration of an air compression
and expansion energy system showing the flow of energy
during a compression cycle, according to one embodiment

FIG. 2B is a schematic illustration of an air compression
and expansion energy system showing the flow of energy
during an expansion cycle, according to one embodiment

FIG. 3 shows a single stage of one embodiment of an air
compression and expansion system.

FIG. 4 illustrates an embodiment of a divider that can be
used in a pressure vessel.

FIG. 5A is a schematic illustration of a portion of another
embodiment of an air compression and expansion system.

FIG. 5B is a schematic illustration of a portion of the air
compression and expansion system of FIG. 5A illustrating a
system controller and hydraulic pump.

FIGS. 6A and 6B are each a schematic illustration of a
portion of an actuator of the air compression and expansion
system of FIG. 5.

FIG. 6C is a side view of a portion of an actuator of the
system of FIG. 5.

FIG. 6D is a cross sectional view taken along line 6D-6D in
FIG. 6C.

FIG. 6E is an end view taken along line 6E-6E in FIG. 6C.

FIG. 6F is a cross sectional view taken along line 6F-6F in
FIG. 6C.

FIGS. 7-14 illustrate a process of compressing air with the
system of FIG. 5 according to an embodiment.

FIGS. 15-22 illustrate a process of expanding air with the
system of FIG. 5, according to an embodiment.

FIGS. 23-50 are each an example graph illustrating various
parameters associated with the operation and output of a
compression and expansion system according to various
embodiments.

FIG. 51A is a schematic illustration of an actuator accord-
ing to an embodiment.

FIG. 51B and FIG. 51C each include multiple schematic
illustrations of the actuator of FIG. 51A showing different
gears of the actuator.

FIG. 51D is a table illustrating various parameters related
to implementing multiple different gears shown in FIG. 51B
and FIG. 51C.

FIG. 52A is a schematic illustration of an actuator accord-
ing to another embodiment.

FIG. 52B and FIG. 52C each include multiple schematic
illustrations of the actuator of FIG. 52A showing different
gears of the actuator.

FIG. 53 is a schematic illustration of an actuator according
to another embodiment.

FIG. 54A is a schematic illustration of an actuator accord-
ing to another embodiment, shown in a first configuration.

FIG. 54B is a schematic illustration of the actuator of FIG.
54A, shown in a second configuration.

FIG. 55 is a schematic illustration of an actuator according
to another embodiment.

FIG. 56 is a schematic illustration of an actuator according
to another embodiment.

DETAILED DESCRIPTION

Systems and methods for efficiently operating a gas com-
pression and/or expansion system are disclosed herein. The
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gas compression and/or expansion systems can use one or
more hydraulic pumps/motors to move (or be moved by) gas
and liquid within the system, and systems and methods are
described herein to operate the hydraulic pump/motor in its
most efficient regime, continuously or substantially continu-
ously, during an operating cycle or stroke of the system.
Hydraulic pumps can have efficient operating ranges that can
vary as a function of, for example, flow rate and pressure,
among other parameters. Systems and methods of operating
the hydraulic pumps/motors are provided to allow them to
function at an optimal efficiency throughout the stroke or
cycle of the gas compression and/or expansion system.

As described herein, in some embodiments, hydraulic
pumps/motors can be used to drive (or be driven by) a work-
ing piston within a gas compression and/or expansion system,
in which a working piston can act on (or be acted on) gas
contained in a working chamber to compress or expand the
gas, directly, or indirectly through a liquid disposed between
the working piston and the gas in the working chamber. The
hydraulic loads applied to the working piston(s) can be varied
during a given cycle of the system. For example, by applying
hydraulic fluid pressure to different hydraulic pistons, and/or
different surfaces of the piston(s) within the hydraulic
pump(s)/motor(s), the ratio of the net working surface area of
the hydraulic actuator to the working surface area of the
working piston acting on the gas in the working chamber can
be varied, and therefore the ratio of the hydraulic fluid pres-
sure to the gas pressure in the working chamber can be varied
during a given cycle or stroke of the system. In addition, the
number of working pistons/working chambers and hydraulic
cylinders can be varied as well as the number of piston area
ratio changes within a given cycle. As used herein the term
“piston” is not limited to pistons of circular cross-section, but
can include pistons with a cross-section of a triangular, rect-
angular, or other multi-sided shape.

A gas compression and/or expansion system as described
herein can include one or multiple stages of compression
and/or expansion. For example, a system can include a single
stage compression/expansion device, two stages, three
stages, etc. As described herein, a system can also include
“gear shifts” or “gear changes” within a given stage as will be
described in detail below with reference to specific embodi-
ments. As used herein, the terms “gear change” or “gear shift”
are used to described a change in the ratio of the pressure of
the hydraulic fluid in the active hydraulic actuator chambers
to the pressure of the gas in the working chamber actuated by
(or actuating) the hydraulic actuator, which is essentially the
ratio of the pressurized surface area of the working piston(s)
to the netarea of the pressurized surface area(s) of the hydrau-
lic piston(s) actuating the working piston(s). As used herein
the term “gear” can refer to a state in which a hydraulic
actuator has a particular piston area ratio (e.g., the ratio of the
net working surface area of the hydraulic actuator to the
working surface area of the working piston acting on, or being
acted on by, the gas in a working chamber) at a given time
period.

In some embodiments, a hydraulic actuator as described
herein can be used to drive, or be driven by, a working piston
within, for example, a water pump/motor, to move water (or
other liquid) in and out of the working chamber of a pressure
vessel used to compress and/or expand a gas, such as air,
contained in the working chamber. As described herein, an
actuator can also include “gear shifts” or “gear changes”
(described above) during a cycle or stroke of the actuator. In
some embodiments, an actuator as described herein can be
used to drive, or be driven by, a working piston disposed
within a compression and/or expansion device. For example,
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in some such embodiments, the working piston can be driven
to compress one or more fluids within a working chamber. As
used herein, “fluid” can mean a liquid, gas, vapor, suspension,
aerosol, or any combination thereof. Although particular
embodiments of an actuator are described herein to drive, or
be driven by, a water pump/motor and/or a compression and/
or expansion device, it should be understood that the various
embodiments and configurations of an actuator can be used to
drive, or be driven by, a working piston within a water pump,
a compression and expansion device, a compression device,
an expansion device, any other device in which a working
piston is used to move a fluid, and/or any device to which
motive force can be applied or from which motive force can
be received.

In some embodiments, the devices and systems described
herein can be configured for use only as a compressor. For
example, in some embodiments, a compressor device
described herein can be used as a compressor in a natural gas
pipeline, a natural gas storage compressor, or any other indus-
trial application that requires compression of a gas. In another
example, a compressor device described herein can be used
for compressing carbon dioxide. For example, carbon dioxide
can be compressed in a process for use in enhanced oil recov-
ery. In another example, a compressor device described
herein can be used for compressing air. For example, com-
pressed air can be used in numerous applications which may
include cleaning applications, motive applications, ventila-
tion applications, air separation applications, cooling appli-
cations, amongst others.

In some embodiments, the devices and systems described
herein can be configured for use only as an expansion device.
For example, an expansion device as described herein can be
used to generate electricity. In some embodiments, an expan-
sion device as described herein can be used in a natural gas
transmission and distribution system. For example, at the
intersection of a high pressure (e.g., 500 psi) transmission
system and a low pressure (e.g., 50 psi) distribution system,
energy can be released where the pressure is stepped down
from the high pressure to a low pressure. An expansion device
as described herein can use the pressure drop to generate
electricity.

In some embodiments, a compression and/or expansion
device as described herein can be used in an air separation
unit. In one example application, in an air separator, a com-
pression and/or expansion device can be used in a process to
liquety a gas. For example, air can be compressed until it
liquefies and the various constituents of the air can be sepa-
rated based on their differing boiling points. In another
example application, a compression and/or expansion device
can be used in an air separator co-located with in a steel mill
where oxygen separated from the other components of air is
added to a blast furnace to increase the burn temperature.

A compression and/or expansion system can have a variety
of different configurations and can include one or more actua-
tors that are use to compress/expand air within a compression/
expansion device. In some embodiments, an actuator can
include one or more pump/motor systems, such as for
example, one or more hydraulic pumps/motors that can be use
to move, or be moved by, one or more fluids within the system
between various water pumps/motors and pressure vessels.
U.S. provisional patent application No. 61/216,942, filed
May 22, 2009, and U.S. patent application Ser. Nos. 12/785,
086, 12/785,093 and 12/785,100, each filed May 21,2010 and
entitled “Compressor and/or Expander Device (collectively
referred to herein as the “the Compressor and/or Expander
Device applications”), the disclosures of which are hereby
incorporated herein by reference, in their entireties, describe
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various energy compression and/or expansion systems in
which the systems and methods described herein can be
employed.

As background, FIG. 1 is a schematic illustration of an
embodiment of an energy system 100 in which a compressor/
expander device may be used to both store energy and release
energy that has previously been stored. As shown in FIG. 1,a
wind farm 102 including a plurality of wind turbines 104 may
be used to harvest and convert wind energy to electric energy
for delivery to a motor/generator 110. It is to be appreciated
that the system 100 may be used with electric sources other
than wind farms, such as, for example, with the electric power
grid, or solar power sources. The motor/generator 110 con-
verts the input electrical power from the wind turbines or
other sources into mechanical power. That mechanical power
can then be used to drive a hydraulic pump/motor 111. Inturn,
the hydraulic pump/motor converts the input mechanical
power into hydraulic power, which can be used to drive a
hydraulic actuator 112 connected to a compressor/expander
device 120.

Energy can be stored within the system 100 in the form of
compressed gas, which can be expanded at a later time period
to access the energy previously stored. To store energy gen-
erated by the wind farm 102, the hydraulic actuator 112 can
change the volume of a working chamber (e.g. by moving a
piston in a cylinder) and/or to cause liquid to be introduced
into the working chamber to reduce the volume available
within the working chamber for gas. The reduction in volume
compresses the gas. During this process, heat can be removed
from the gas. During compression, the gas is delivered to a
downstream stage of the compressor/expander device 120
and eventually, at an elevated pressure, to a compressed gas
storage structure 122 (also referred to herein as a “cavern”).
At a subsequent time, for example, when there is a relatively
high demand for power on the power grid, or when energy
prices are high, compressed gas may be communicated from
the storage structure 122 and expanded through the compres-
sor/expander device 120. Expansion of the compressed gas
drives the hydraulic actuator 112 that, in turn, drives, by
hydraulic power, the hydraulic pump/motor 111 to produce
mechanical power, which in turn drives motor/generator 110
to produce electric power for delivery to the power grid 124.
Heat at a relatively low temperature (e.g., between for
example, about 10° C. and about 90° C.) may be added to the
gas during expansion to increase the energy generated per
unit mass of air during the expansion process. Heat at rela-
tively high temperatures (e.g. greater than about 90° C.) may
be added during expansion to increase the energy generated
per unit mass of air during the expansion process.

FIG. 2A is a schematic illustration of energy flow through
a multi-stage system 200 similar to the system 100 of FIG. 1,
atone example operating condition. A gas, in this example air,
is being compressed for storage. As described above, electric
power from, for example, a wind farm, is used to drive a
motor/generator 210 to produce mechanical power, which in
turn drives hydraulic pump/motor 211 to produce hydraulic
power, which in turn drives an actuator 212. Actuator 212 can
reduce the volume of a working chamber available to contain
air to be reduced, which compresses the air.

As shown in FIG. 2A, a multi-stage compressor/expander
device 220 can receive ambient air at a first stage of the
compressor/expander device 220. In some embodiments,
ambient air can optionally be processed in a pre-compressor
215 prior to being provided to the first stage of the compres-
sor/expander device 220. Heat energy can be removed during
compression via a liquid that is present in the working cham-
ber(s) of a multi-stage compressor/expander device 220 to
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maintain the air that is being compressed at a relatively con-
stant temperature. The heat energy can be transferred from the
liquid and the compressor/expander device 220 to, for
example, a heat sink via, for example a heat exchanger. The
air may achieve pressures of about, for example, 150 psi,
1,000 psi, and 3,000 psi at each of first, second, and third
stages, respectively, before being delivered to a storage struc-
ture 222 at a pressure of about 3,000 psi, according to one
embodiment. The temperature of the air, after being provided
to the compressor/expander device 220, and initially com-
pressed and cooled, remains relatively constant, such as, for
example, at about 5° C., 10° C., 20° C., 30° C. or other
temperatures that may be desirable, until discharged to the
storage structure 222. Air stored in the storage structure 220
may be heated (or cooled) naturally through conductive and
convective heat transfer if the storage structure 222 is natu-
rally at a higher (or lower) temperature. For example, in some
cases, the storage structure may be an underground structure,
such as a salt cavern constructed in a salt dome. It is to be
appreciated that FIG. 2A illustrates one operating condition
for one embodiment of a system, and that other operating
conditions exist and other system embodiments are also con-
templated.

FIG. 2B is a schematic representation of energy flow
through the system 200 of F1IG. 2 A at one operating condition,
as air is communicated from storage for the production of
energy. In one example operating condition, air in the storage
structure 222 can be at about 3000 psi, and can be expanded
through the third, second, and first stages of the compressor/
expander device to pressures of, for example, about 1000 psi,
150 psi, and O psi, respectively. Heat may be added to the air
before and/or during expansion at each of the third, second,
and first stages, respectively, to hold air temperatures at a
substantially constant temperature, such as at about 35° C. or
other temperatures, during the entire expansion process. It is
to be appreciated, that the overall temperature change of air
during expansion may be limited by a relatively large amount
of air that expands in a relatively small volume of a pressure
vessel and that is in contact with substantial heat transfer
surfaces. Itis to be appreciated, that it may be desirable to add
heat to the air such that air temperature increases substan-
tially, such as temperatures higher than 35° C. The compres-
sor/expander device 220 produces mechanical power that is
converted by hydraulic actuator 212 into hydraulic power,
which is applied to hydraulic pump/motor 211, which in turn
converts the hydraulic power to mechanical power. The
mechanical power is applied to motor/generator 210, which
converts the mechanical power to electric power. It is to be
understood that actuators other than hydraulic actuators can
alternatively be used. As another source of producing electric
power, as the expanded air exits the first stage of the com-
pressor/expander device 220, the air can optionally be pro-
vided to an air turbine 217, which can convert the air to
mechanical power. The mechanical power can be applied to a
motor/generator 219, which converts the mechanical power
to electric power.

FIG. 3 illustrates a portion of a compressed air storage
system 300 that includes a compressor/expander device 320
and an actuator 312. The compressor/expander device 320
illustrates a single stage of a compressed air storage system.
The compressor/expander device 320 includes a first pressure
vessel 324 and a second pressure vessel 326. The first and
second pressure vessels 324, 326 are each coupled fluidly to
the actuator 312 by a conduit or housing 328 and 330, respec-
tively. The actuator 312 can include a water pump that
includes a hydraulically driven piston 332. The piston 332 is
disposed within a housing or reservoir 340 and can be driven
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with one or more hydraulic pumps (not shown in FIG. 3) to
move toward and away from the conduit 328 of first pressure
vessel 324 to alternately reduce and then increase the internal
air volume of the first pressure vessel 324 (with an equivalent,
but opposite increase and reduction of air volume in the
second pressure vessel 326). Each of the first and second
pressure vessels 324, 326 are at least partially filled with a
liquid, such as water, that is moved by the actuator 312 to
alternately compress and drive air from the volume of each of
the first and second pressure vessels 324, 326, when operated
in a compression mode, or to be moved by compressed air
received in either of the first and second pressure vessels 324,
326 when operated in an expansion mode.

Each pressure vessel 324, 326 can be considered to define
a working chamber for compressing and/or expanding a gas.
The working chamber has a volume that is defined by the
volume of the pressure vessel. The working chamber has a
portion of this volume that can contain gas and a portion that
contains liquid—the portion of the volume that contains gas is
equal to the total volume of the working chamber less the
volume of the portion containing liquid. Operation of the
water pump to urge liquid from the pump cylinder into the
pressure vessel reduces the volume of the portion of the
working chamber that can contain gas, thus compressing the
gas contained in that portion (e.g. during a compression
cycle). Similarly, operation of the water pump to allow liquid
to be transferred from the pressure vessel to the water pump
increases the volume of the portion of the working chamber
that can contain gas, allowing the gas to expand. Alterna-
tively, a working chamber can be considered to be defined by
the pressure vessel and the portion of the water pump in
fluidic communication with the pressure vessel (i.c. on one
side of the working piston), and any conduit or other volume
connecting the pressure vessel and the water pump. So
defined, the working chamber has a variable volume, which
volume can be changed by movement of the working piston.
A portion of the variable volume can be occupied by liquid
(e.g. water), while the remaining portion can be occupied by
gas (e.g. air). The pressure of the gas contained in the working
chamber is essentially equal to the pressure of any liquid
contained in the working chamber, and to the pressure acting
on the corresponding side or face of the working piston.

The compressor/expander device 320 may also include
fins, dividers and/or trays 334 that can be positioned within
the interior of the first and second pressure vessels 324, 326.
The dividers 334 can increase the overall area within a pres-
sure vessel that is in direct or indirect contact with air, which
can improve heat transfer. The dividers 334 can provide for an
increased heat transfer area with both air that is being com-
pressed and air that is being expanded (either through an
air/liquid interface area or air/divider interface), while allow-
ing the exterior structure and overall shape and size of a
pressure vessel to be optimized for other considerations, such
as pressure limits and/or shipping size limitations.

Inthis embodiment, the dividers 334 are arranged in a stack
configuration within the first and second pressure vessels 324
and 326. Each divider 334 can be configured to retain a pocket
of air. In one illustrative embodiment, each of the dividers 334
can include an upper wall, a downwardly extending side wall
that may conform in shape and substantially in size to the
inner wall of the pressure vessel, and an open bottom. The
open bottom of each of the dividers 334 face in a common,
substantially downward direction when the pressure vessel is
oriented for operation. It is to be appreciated that although the
figures show dividers that conform in size and shape to the
interior of the pressure vessels 324, 326, and are generally
shaped similarly to one another, other configurations are also
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possible and contemplated, including embodiments that
include dividers that are substantially smaller in width than
the interior of a pressure vessel and/or that are shaped and
sized differently than one another, among other configura-
tions. Various other shapes and configurations of dividers can
be used, such as, for example, the dividers that are shown and
described in U.S. Provisional App. No. 61/216,942 and the
Compressor and/or Expander Device applications incorpo-
rated by reference above. FIG. 4 illustrates another alternative
embodiment of a divider that can be used. It is also to be
appreciated that dividers may include fin structures (arrays of
pins or rods, and other porous structures) that increase the
area available for heat exchange as well as maximize the
proximity of air to the dividers, and that dividers that do not
retain a pocket of air are contemplated. In some embodi-
ments, dividers can be structures that support a film of water.
In some embodiments, rather than the dividers having an
empty space between them, they can have intermediate struc-
tures between them, such as arrays of pins or rods, amorphous
structures, porous structures, etc.

As shown in FIG. 3, a manifold 336 can extend centrally
through the stack of dividers 334 and fluidly couple each of
the dividers 334 to an inlet/outlet port 338 of the pressure
vessels 324, 326. In other embodiments, the manifold may
include multiple tubes and/or may be located peripherally
about the stack of dividers or in other positions. Air may enter
and/or exit the pressure vessels 324, 326 through the ports
338, and can provide a conduit for fluid communication
between pockets of air associated with each divider 334. In
other embodiments, such as those in which dividers do not
retain a pocket of air, the manifold may not be included.

As discussed above, heat can be transferred from and/or to
air that is compressed and/or expanded by liquid (e.g., water)
within a pressure vessel. An air/liquid or air/divider interface
(e.g., provided in part by dividers discussed above) may move
and/or change shape during a compression and/or expansion
process in a pressure vessel. This movement and/or shape
change may provide a compressor/expander device with a
heat transfer surface that can accommodate the changing
shape of the internal areas of a pressure vessel through which
heat is transferred during compression and/or expansion. In
some embodiments, the liquid may allow the volume of air
remaining in a pressure vessel after compression to be nearly
eliminated or completely eliminated (i.e., zero clearance vol-
ume).

A liquid (such as water) can have a relatively high thermal
capacity as compared to a gas (such as air) such that a transfer
of heat energy from the gas to the liquid significantly
decreases the temperature rise of the gas but incurs only a
modest increase in the temperature of the liquid. This allows
buffering of the system from substantial temperature
changes. Heat that is transferred between the gas and liquid or
components of the vessel itself may be moved from or to the
pressure vessel through one or more heat exchangers that are
in contact with the liquid or components of the vessel. One
type of heat exchanger that can be used to accomplish this is
a heat pipe, as discussed in greater detail below.

Thus, the liquid within a pressure vessel can be used to
transfer heat from air that is compressed (or to air that is
expanded) and can also act in combination with a heat
exchanger to transfer heat to an external environment (or from
an external environment). By way of example, as shown in
FIG. 3, a heat exchanger that includes a circular array of heat
pipes 342 that extend through a wall of the pressure vessels
324 and 326 and can contact both the liquid within the vessels
and the external environment. The heat pipes 342 are just one
example embodiment of a type of heat exchanger that can be
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used to transfer heat to or from liquid of a pressure vessel. It
should be understood that other types of heat exchangers and
other heat pipe configurations can alternatively be used. For
example, other heat management devices can be used (alter-
natively or in addition to) such as, for example, fins, pins,
convection-inducing shapes, and/or swirl-inducing shapes,
etc.

The embodiment of FIG. 3 is one example of an arrange-
ment of pressure vessels and an actuator that can be used
within an air compression and storage system. It should be
understood, that other arrangements are also possible and
contemplated. By way of example, although the actuator is
shown as including a single, double acting piston that is
oriented vertically, other embodiments may include housings
with actuators that include horizontally oriented pistons and/
or multiple hydraulic pistons that operate in parallel to move
fluid within pressure vessels. According to some embodi-
ments, actuators may lack pistons altogether and instead com-
prise pumps that move fluid into and out of the pressure
vessels. Multiple pumps and/or pistons can additionally, or
alternatively, be used in parallel to move fluid into and out of
the pressure vessels, according to some embodiments. Still,
according to other embodiments, an actuator, such as a
hydraulic piston, may have a direct mechanical connection to
the motor/generator of the system, as embodiments of the
system are not limited to that shown in the figures.

FIGS. 5A-18 illustrate an example of a two-stage energy
compression and expansion system 400. FIG. 5A is a sche-
matic illustration of a portion of the system 400. Stage one
includes a pair of pressure vessels 424, 426 connected in fluid
communication to an actuator 412. For example, various
types of conduit or housing (as shown in FIG. 5A) can be used
to fluidically couple various components of the actuator 412
to the pressure vessels. The pressure vessels 424, 426 can
each include dividers or tray (not shown in FIG. 5A) as
described above for previous embodiments. The actuator 412
includes water pumps driven by hydraulic actuators or cylin-
ders as described below. As shown in FIG. 5A, the actuator
412 includes water pumps 444A, 444B and 446. In this
embodiment, water pumps 444 A and 4448 are constructed in
two portions to reduce the height of the pumping equipment,
and in this embodiment water pumps 444 A and 444B act in
concert as a single pump. Each of the water pumps 444 A,
444B and 446 include a water piston, or working piston, that
is hydraulically driven with a pair of hydraulic cylinders.
Water pump 444A is coupled to and driven by hydraulic
cylinders 452 and 454; water pump 444B is coupled to and
driven by hydraulic cylinders 456 and 458; and water pump
446 is coupled to and driven by hydraulic cylinders 448 and
450. A common drive rod couples the water pistons to their
respective hydraulic cylinders. The hydraulic cylinders for
stage one can all be controlled by a first high efficiency
hydraulic pump 414 as shown in FIG. 5B. A hydraulic pump/
motor, such as, for example, an Artemis Digital Displacement
hydraulic pump manufactured by Artemis Intelligent Power
Ltd. can be used. Other examples of hydraulic pumps that can
be used are described in U.S. Pat. No. 7,001,158, entitled
“Digital Fluid Pump,” and in U.S. Pat. No. 5,259,738, entitled
“Fluid-Working Machine,” the entire disclosures of which are
hereby incorporated by reference.

As shown in FIG. 5B, a system controller or hydraulic
controller 416 can be used to operate and control the hydrau-
lic pump/motor 414. The hydraulic pump/motor 414 can be
connected to each end of the hydraulic cylinders associated
with the various water pumps (or working actuators) of the
system. A valve is coupled between each end (i.e. each
hydraulic chamber) of the hydraulic cylinders and the hydrau-
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lic pump, which can be selectively opened and closed, e.g.
under control of the hydraulic controller 416, to fluidically
couple or fluidically isolate, respectively, the output of the
hydraulic pump 414 and each hydraulic chamber of each
hydraulic cylinder to selectively actuate a specific hydraulic
cylinder and, more particularly, a particular side (e.g., blind
side and/or rod side, as described in more detail below) of the
hydraulic piston in the specific hydraulic cylinder. Each valve
is designated by 418 in FIG. 5B.

As shown in FIG. 5A, stage two of the system 400 includes
a pair of pressure vessels 462 and 464 connected in fluid
communication to an actuator 413 that includes water pumps
466 and 468. As with the stage one configuration, each of the
pressure vessels 462 and 464 can include dividers and each of
the water pumps 466 and 468 include a water piston that is
hydraulically driven by (or, in expansion mode, drives) a pair
of hydraulic cylinders, also shown in FIG. SA. Water pump
466 is coupled to and driven by hydraulic cylinders 470 and
472 and water pump 468 is coupled to and driven by hydraulic
cylinders 474 and 476. The hydraulic cylinders for stage two
can all be driven by, or drive a second high efficiency hydrau-
lic pump/motor (not shown) in a similar fashion as stage one,
using the same hydraulic controller 416, or a second hydrau-
lic controller (not shown). It is to be appreciated that the stage
two hydraulic cylinders, can be driven by, or drive various
configurations of hydraulic pump/motor, and that the system
400 can have, for example, one, two, three, four, or more
hydraulic pump/motors.

Each ofthe first and second pressure vessels 424 and 426 of
the first stage are fluidly coupled to the pressure vessels 462
and 464 of the second stage by a conduit that may include one
ormore valves (not shown in FIG. 5A) to selectively open and
close fluid communication between the volumes of the cor-
responding pressure vessels. The first and second pressure
vessels 424 and 426 of stage one can also each include a valve
(not shown) that opens to allow the receipt of air from the
environment (e.g., at atmospheric pressure) or air that has
been optionally pre-compressed from atmospheric pressure
to a desired pressure, for example, 1-3 bar. Additional valves
can be used between the pressure vessels of stage two and a
storage structure or cavern (not shown) in which the com-
pressed air from the system may be stored. Valves can be
coupled to and disposed at locations along the conduit con-
necting the various components or directly to the compo-
nents.

FIG. 6 A schematically illustrates the various components
of a portion of actuator 412 including the water pump 446,
and its corresponding hydraulic cylinders 448 and 450; and
FIG. 6B schematically illustrates the various components of
the hydraulic cylinder 448. It should be understood, however,
that each of the water pumps and hydraulic cylinders in both
the first stage and the second stage of the system 400 can be
similarly constructed and function in the same manner as
water pump 446 and hydraulic cylinder 448. As shown in F1G.
6A, the water pump 446 includes a cylindrical water reservoir
or housing 482 that can contain liquid, such as, for example,
water W (though other working liquids could be used), a
water piston, or working piston, 474 and a drive rod 476
coupled to the piston 474. The drive rod 476 is also coupled to
hydraulic drive pistons 478 and 480 of the hydraulic cylinders
448 and 450, respectively. Thus, the hydraulic cylinders 448
and 450 can be used to operate or drive the piston 474 back
and forth within the housing 482, pressurizing and moving
the water W contained therein. The water housing 482 is
divided into two portions, one on each side of piston 474.
Each portion is in fluid communication with a pressure vessel,
such as the pressure vessels described above (not shown in
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FIG. 6A). As described above, each side of working piston
474 bears the same pressure as that of the gas contained in the
pressure vessel with which that side of working piston 474
bounds a working chamber containing the air.

FIG. 6B schematically illustrates the hydraulic cylinder
448. As shown in FIG. 6B, the hydraulic cylinder 448
includes a cylindrical housing 484 in which a hydraulic drive
piston 478 is movably disposed. As stated above, the drive
piston 478 is coupled to the drive rod 476. Within the housing
484 of the hydraulic cylinder 448, hydraulic fluid Hf can be
pumped in and out, as will be described in more detail below.

The housing 484 of the hydraulic cylinder 448 defines an
interior volume that is divided into two portions at any given
time during a stroke of the hydraulic cylinder by the drive
piston or hydraulic piston 478. As shown in FIG. 6B, the
portion of the interior volume within the housing 484 above
the drive piston 478 (or on the opposite side of the piston 478
from the rod 476) is referred to herein as the “blind side” or
“bore side” Bs, and the portion of the interior volume within
the housing 484 shown below the drive piston 478 (or on the
same side as the rod 476) is referred to herein as the rod side
Rs. To drive the hydraulic cylinders, hydraulic fluid Hf can be
pumped into each hydraulic cylinder on either (or both) sides
of'the drive piston to achieve varying pressures and flow rates
within the system. For example, at various steps in the process
of compressing air for energy storage, the pressurized
hydraulic fluid Hf can be pumped into the housing 484 only
on the blind side Bs, only on the rod side Rs, or on both sides,
depending on the desired output pressure, flow rate and/or
direction of force desired at the various steps of a compres-
sion or expansion cycle.

For example, referring to the water pump 446 and its asso-
ciated hydraulic cylinders 448 and 450, to move the working
piston 474 within the housing 482 to change the volume of the
working chamber bounded in part by the working piston, one
or both of the hydraulic cylinders 448 and 450 can be actuated
ata given time period to provide the desired force to move the
piston. For example, to move the piston 474 upward, hydrau-
lic fluid can be pumped into the blind side, or both the blind
side and the rod side of the hydraulic cylinder 450, or hydrau-
lic fluid can be pumped into the rod side of the hydraulic
cylinder 448, or a combination thereof. To move the piston
474 downward, hydraulic fluid can be pumped into the blind
side of hydraulic cylinder 448, both the blind side and the rod
side of the hydraulic cylinder 448, or the rod side of the
hydraulic cylinder 450, or a combination thereof. Each of
these modes has a different total area of hydraulic piston
bearing the pressure of the hydraulic fluid, and thus will exert
a different force on the working piston 474. It is to be appre-
ciated that varying the pressure of the hydraulic fluid can act
in concert with the varying combinations of reservoir pres-
surization to provide a wide range of force to move the piston.

The system 400 can be configured to operate within a
desired energy efficiency range of the hydraulic pump(s). The
operating pressure range of the hydraulic pump(s) and the
ratio of surface areas of the water pistons to the hydraulic
drive pistons (also referred to herein as “piston ratio™) can be
used to determine an optimal operating sequence for the
compression process. Inaddition, by varying which hydraulic
pump(s) is actuated to move a water piston at a particular
point in the cycle, the pressure in the system can be further
varied. The pump has a preferred range of pressure and flow,
within which it can be continuously operated as the air piston
strokes.

As shown, for example, in FIGS. 6C-6F, the water piston
474 has an operating surface 490 that has a surface area SA,
that is the same on both sides of the water piston (i.e. the
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annular area bounded by the outer perimeter of the water
piston 474 and the outer perimeter of the rod 476), and the
hydraulic drive piston 478 has an operating surface 492 on the
blind side with surface area SA, (i.e. the circular surface area
bounded only by the outer perimeter of the hydraulic drive
piston) and an operating surface 494 on the rod side with a
surface area SA, (i.e. the annular area bounded by the outer
perimeter of the hydraulic drive piston and the outer perim-
eter of the rod). The operating surface area of a piston is the
surface area of the piston on which force is exerted by hydrau-
lic fluid pressure. Thus, when a hydraulic cylinder is actuated
by communicating pressurized hydraulic fluid to the blind
side, the effective surface area of the hydraulic piston is
greater than when the same pressure is communicated to the
rod side (i.e., SA,>SA,). Thus, for a given hydraulic fluid
pressure, more force is applied to the rod 476 (albeit in dif-
ferent directions) when the hydraulic fluid pressure is applied
to the blind side than when it is applied to the rod side. It is
also possible to generate yet a different amount of force for a
given hydraulic pressure by applying the hydraulic fluid pres-
sure to both sides of a piston. In this mode of operation,
referred to as a regenerative mode, the net piston area is equal
to the difference between the blind side area SA, and the rod
side area SA,. This net area corresponds to the cross-sectional
area of the rod, and is referred to as SA, ;.

In some embodiments, a combination of surface areas
associated with hydraulic drive piston 478 and hydraulic
drive piston 480 are pressurized to achieve a desired output
force on rod 476, which may correspond to a second pressure
of water W. The effective or net operating surface area A, ,
being pressurized for a given gear is then equal to the sum of
the surface areas associated with the various portions of the
hydraulic cylinders 448 and 450 being pressurized with
hydraulic fluid. The sum of the surface areas can also be
referred to as the surface area of the hydraulic piston(s) SA,,.
Itis to be appreciated that other embodiments include those in
which the hydraulic fluid pressure communicated to the vari-
ous surface areas in actuator 412 may be different from each
other.

The ratio of the surface area of the working piston or water
piston SA , to the surface area of the hydraulic piston(s) SA,,
dictates the hydraulic pressure needed to achieve a desired
water pressure, and thus gas pressure, at a given point in the
cycle. By varying the surface area ratio for a given water
pump/hydraulic cylinder set, varying levels of water pressure
can be achieved at different points within the compression
cycle for the same levels of hydraulic pressure. The pressure
of the hydraulic fluid needed to achieve a particular water
pressure (and/or air pressure) can be calculated as follows.

F,(force of hydraulic fluid)=P,(hydraulic pressure)x
SA;,(S4, or SA, or SA )

F,(force applied to water)=P"(water pressure)xS4,,
Fy,=F,,
P, xSA,,=PyxS4,

P,,=P,x(S4,/S4,,) and P,=P, x(S4,,/SA,)

A maximum and minimum operating pressure for each
hydraulic pump can be established, e.g. as the limits of arange
of operating pressure within which the hydraulic pump oper-
ates at or above a desired energy efficiency. This pressure
range can be used to determine the piston ratio (e.g., (SA,/
SA,))needed at various points during a compression cycle to
operate the system so as to approach or achieve operation
within the maximum efficiency range of the hydraulic pump.
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For example, for a hydraulic pump having a maximum effi-
cient operating pressure of 300 bar and a desired maximum
output pressure of the air (and therefore the water) is 30 bar,
the piston ratio (i.e., (SA, /SA,)) required at the end of the
pressurization cycle, when the water and air pressure reaches
30 bar, is 10:1. Correspondingly, if the hydraulic pump has a
minimum efficient operating pressure of 120 bar, and the air
enters the system at 3 bar, then the piston ratio (i.e., (SA,/
SA,)) required at the start of the pressurization cycle, when
the water and air pressure is 3 bar, is 40:1. The number of
water pumps and hydraulic pumps needed, and the piston
ratios (and corresponding size of the hydraulic cylinders and
water pumps) for the various water pump/hydraulic sets can
then be determined such that the system can operate within
the desired efficiency range for the entire compression cycle
(i.e., compressing the air from 3 bar to 30 bar). There are a
variety of different operating sequences that can be used to
incrementally increase the pressure in the system and to
achieve this output. It is understood that the approach can be
applied using hydraulic pumps with maximum operating
pressures higher or lower than 300 bar, and minimum oper-
ating pressures higher or lower than 120 bar.

At a given time during a compression or expansion cycle,
the actuator 412 can be referred to as being in a particular
“state” or gear that is associated with the piston area ratios
being pressurized within the actuator at that time. As
described above, when the system makes a change in the ratio
of'the pressure of the hydraulic fluid in the hydraulic actuator
to the pressure of the water in the water pump(s) actuated by
the hydraulic actuator (i.e., the ratio of the pressurized surface
area of the water piston to the net operating pressurized sur-
face area(s) of the hydraulic piston(s) actuating the water
piston) this is referred to as a “gear shift” or “gear change.”
There is a variety of different combinations or sequences of
gear changes (changes in piston area ratios) that can be incor-
porated into a particular operating sequence of the system.

In the example of system 400, where each water pump has
two identical associated hydraulic cylinders to actuate the
water pump, there are sixteen possible states for the two
actuators, i.e. every combination of each chamber being pres-
surized or not pressurized (two states for four chambers gives
2* combinations). For identical hydraulic cylinders (i.e. in
which the blind side area of each cylinder is the same and the
rod side area of each cylinder is the same), there are four
different possible gears (with associated piston area ratios)
that can be used to actuate each working or water piston in
each direction. For example, to move a water piston upward in
one water pump, hydraulic fluid can be pumped into (1) the
rod side of the upper hydraulic cylinder (or the rod side of the
upper hydraulic cylinder and the blind side of both cylinders,
which cancel each other out), (2) the blind side of the lower
hydraulic cylinder (or the blind side of the lower cylinder and
the rod side of both cylinders, which cancel each other out),
(3) both the blind side and the rod side of the lower hydraulic
cylinder, or (4) both the rod side of the upper hydraulic
cylinder and the blind side of the lower hydraulic cylinder.
The state in which none of the chambers is pressurized does
not produce any force on the working piston, nor (for identical
cylinders) does the state in which all chambers are pressur-
ized. In the embodiment depicted in FIG. 5A, each stage is
configured with two water pumps that actuate one after the
other, and because each water pump in this embodiment has
four possible gears, the compression process has eight pos-
sible gears. It is to be appreciated that other embodiments
include those in which the hydraulic fluid pressure commu-
nicated to the various surface areas in actuator 412 may be
different from each other and may create more than four
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possible gears in each water pump. It is appreciated that given
an actuator that can achieve four possible gears, it may be
preferable to use fewer gears than four gears, for example
three gears. The reasons for such a preference may involve the
dynamic response of the fluid and/or mechanical components
to the gear shift events. Correspondingly, an embodiment
configured with two water pumps may be operated using five,
six, or seven of the possible eight gears. Moreover, the com-
pression process may also vary according to the current pres-
sure of the compressed air storage vessel, e.g. when the stor-
age vessel is at relatively low pressure, the preferred
compression process may use one, two, three, four, five, six,
or seven of the possible eight gears.

In other embodiments, an actuator can be configured to
have a different number of possible different gears and gear
changes based on, for example, the number of hydraulic
cylinders, the size (e.g., diameter) of the housing of a hydrau-
lic cylinder in which a hydraulic piston is movably disposed,
the size (e.g., diameter) of the hydraulic pistons disposed
within the housing of the hydraulic cylinders, the number and
size of drive rods coupled to the hydraulic pistons, and/or the
size of the working piston to be actuated. Further examples of
actuators are described below with reference to FIGS. 51A-
51D, 52A-52C, 53, 54A-54B, 55 and 56.

Thus, the hydraulic pressure time profile can be varied as
needed to achieve a particular output air pressure. The effi-
ciency range of the hydraulic pump system can determine the
number of gears and gear shifts that may be needed for a
desired air pressure range (difference between input or start
pressure and output or end pressure). For example, if the
hydraulic pump’s efficiency range is narrower, then more
gears may be needed for a given air pressure range. The size
and number of gears can also depend on the particular oper-
ating speed (RPM) of the system.

FIGS. 7-14 illustrate an air compression cycle using the
system 400 and operating the system within or approaching
the maximum (or a desired) efficiency range throughout the
stroke or cycle of the system. The optimization process in this
example utilizes an operating regime that includes four dif-
ferent gears for each stage in the process to maintain opera-
tion within the optimal efficiency range of the hydraulic sys-
tem. In this example, the four gear modes are accomplished
by using two water pumps in sequence, each of which uses
two or three gears. The system 400 can be configured, for
example, to compress air from 3 bar to 30 bar in stage one, and
then from 30 bar to 180 bar in stage two. It should be under-
stood that this is only one example operating sequence that
can be used. The water pressure, and therefore the air pres-
sure, in the system can be gradually ramped up during a given
cycle. As the system moves through each of the various gear
shifts, the pressure of the hydraulic fluid increases from a
minimum efficient operating pressure of the hydraulic system
(e.g., 120 bar) to the maximum efficient operating pressure of
the hydraulic system (e.g., 300 bar). As the maximum desired
operating pressure of the hydraulic pump/motor is reached
within each gear mode of the cycle, the system shifts to the
next gear in the sequence.

FIG. 7 includes reference numbers corresponding to the
various components of the system 400 as described above and
includes conduit or housing connecting the various water
pumps and pressure vessels. Although not visibly shown in
FIGS. 7-14, the lower hydraulic cylinders 450, 454, 458 of
stage one are each shrouded inside a support housing that is
labeled so as to indicate the hydraulic cylinders the housing
encases.

FIG. 7 illustrates a starting condition for a compression
cycle that includes receiving air directly from the outside
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environment (i.e. at ambient pressure) or from a pre-compres-
sor (e.g. at 3 bar) into the first pressure vessel 424 of the first
stage. FIGS. 8-10 and 12-14 illustrate the flow of water and air
and the drive direction for the hydraulic cylinders of both
stage one and stage two of the compression cycle of the
system. FIGS. 11-14 illustrate a full cycle for compressing air
received within the second pressure vessel 426 of the first
stage. Thus, FIG. 11 illustrates an end of the cycle to com-
press air initially received in the first pressure vessel 424 and
also a starting point for a cycle that includes compressing air
initially received within the second pressure vessel 426. One
full cycle of the system 400 (FIGS. 7-11 or FIGS. 11-14) can
be, for example, a total of 6 seconds.

As shown in the example of FIG. 7, a compression cycle
involves both stage one and stage two, and can begin, for
purposes of illustration, in the following state: with the first
pressure vessel 424 of stage one and the second pressure
vessel 462 of stage two each filled with water, and the second
pressure vessel 426 of stage one and the first pressure vessel
464 of stage two each filled with air. A compression stroke
will commence by driving water pumps 444 A and 444B of
stage one and driving water pump 466 of stage two. A valve
(not shown) between the stage one first pressure vessel 424
and a pre-compressor (not shown) can be opened to allow
intake air to enter the conduit connected to the pressure vessel
424. A valve (not shown) between the stage one second pres-
sure vessel 426 and the stage two second pressure vessel 462
can be opened to allow fluid communication between the two
pressure vessels. A valve (not shown) between the stage two
first pressure vessel 464 and the storage cavern (not shown)
can be closed at the beginning of the compression stroke and
can be opened at some time during the compression stroke,
for example when the air pressure in pressure vessel 464 is
substantially equal to the storage cavern (not shown) air pres-
sure.

It is important to recognize that the system operates three
air manipulation processes in concert: one intake process and
two compression processes. Therefore, there are three air
volumes to recognize. During all compression strokes, there
is one volume of air being drawn into the system at a substan-
tially constant intake pressure, and there are two volumes of
air, at two different pressures, compressing simultaneously.
For example, while a first volume of air is being taken in at a
substantially constant pressure of, for example, 3 bar, a sec-
ond volume of air is being compressed from, for example, 3
bar to 30 bar, a third volume of air is being compressed from,
for example, 30 bar to the discharge pressure (which varies
with cavern pressure), for example 180 bar. FIG. 8 depicts the
compression stroke approximately half way through the
simultaneous actuation of water pumps 444 A and 444B, and
water pump 466. With reference to FIG. 8, a first volume of air
at an intake pressure enters pressure vessel 424, a second
volume of air begins compression and transfer from pressure
vessel 426 to pressure vessel 462, and a third volume of air
begins compression and transfer from pressure vessel 464 to
the storage cavern (not shown). Note that FIG. 8 depicts an
example and a condition in which the air pressure in pressure
vessel 464 has achieved equality with the air pressure in the
storage cavern and therefore a valve (not shown) between
pressure vessel 464 and the storage cavern has been opened so
asto allow air to be transferred from pressure vessel 464 to the
storage cavern. It is recognized that in the course of air trans-
fer from pressure vessel 464 to the storage cavern, a concomi-
tant air compression may occur; the pressure increase thereof
may be dictated by the relative volumes of pressure vessel 464
and the storage cavern.
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FIGS. 8 and 9 illustrate a beginning portion of the com-
pression cycle. Because the air is at relatively low pressure
during the beginning portion of the compression cycle rela-
tive to the higher air pressures developed as the air compres-
sion proceeds, the beginning of the compression cycle uses
the “high end” of the six gear sequence, and proceeds to using
the “low end” of the six gear sequence. FIGS. 8 and 9 may
include a gear shift from sixth gear to a next “lowest” gear, in
this example a “fifth” gear, and may also include a gear shift
from fifth gear to yet a next lowest gear, in this example a
“fourth” gear. With respect to the air, water, and piston
motions depicted in FIG. 8, in stage one, the sixth gear can
include actuating the hydraulic valves (not shown) to fluidi-
cally couple the pressurized hydraulic fluid output by the
hydraulic pump/motor (not shown) to the rod side chamber
and blind side chamber of the upper hydraulic cylinder 452
and to the rod side chamber and blind side chamber of the
lower hydraulic cylinder 458, and pumping the pressurized
hydraulic fluid into those chambers. This will cause the piston
in water pump 444 A to be moved downward, and the piston in
water pump 4448 to be moved upward, by the respective
actuators. In stage two, sixth gear can include actuating the
hydraulic valves (not shown) to fluidically couple the pres-
surized hydraulic fluid output by the hydraulic pump/motor
(not shown) to the rod side chamber and blind side chamber of
the lower hydraulic cylinder 472. This will cause the piston in
water pump 466 to be moved upward by its actuator.

Before the pistons 444 A and 444B, and 466 reach the end
of'their strokes (as shown in FIG. 9), gear shifts from sixth to
fifth, and from fifth to fourth, and from fourth to third may
have been initiated. (Note that FIG. 9 depicts both the end of
fourth gear and/or the beginning of third gear.) If a gear shift
from sixth to fifth is initiated, the valves (not shown) that
supply pressurized hydraulic fluid from the hydraulic pump/
motor to the rod side chambers of hydraulic cylinders 454 and
456, and 470 are opened. Opening these valves augments the
piston rod “push” already coming from hydraulic cylinders
452 and 458, and 472, with a piston rod “pull” from hydraulic
cylinders 454 and 456, and 470. It is to be appreciated that the
sequence described above corresponds to an embodiment in
which SA,<SA,, ,, and that embodiments in which the sur-
face areas are of a different relative sizes, for example,
SA>SA, ., the pressurization combination that achieves
sixth gear versus fifth gear can vary, and thus the preferred
pressurization sequence can vary.

It is appreciated, and will be familiar to those skilled in the
art, that in addition to valves that allow fluidic communication
with a supply of pressurized fluid, all hydraulic cylinder
chambers may also be provisioned with valves (not shown)
that may allow fluidic communication with a low pressure
hydraulic fluid reservoir (not shown), and that when these
valves open, the associated hydraulic chamber fluid substan-
tially maintains the low pressure of the hydraulic reservoir,
and that hydraulic fluid can flow, which can allow hydraulic
piston motion. Gear shift descriptions involving opening or
closing valves communicating with pressurized hydraulic
fluid, purposely omit, for brevity, detailing the associated
closing or opening of valves that communicate between the
cylinder chambers and the low pressure hydraulic fluid res-
ervoir.

It is important to recognize that the timing of the gear shifts
during compression of stage one are independent of the tim-
ing of the gear shifts in stage two. The preferred method of
gear shift operation primarily attends to selecting gears that
result in pressurized hydraulic fluid pressures that maximize
the hydraulic pump operation energy efficiency. The hydrau-
lic fluid pressures that drive each stage of compression
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against a first air pressure developing in the first stage of
compression, and against a second air pressure developing in
a second stage of compression, may differ, and that first air
pressure differs from the second air pressure. In the preferred
embodiment, the pressure of the pressurized hydraulic fluid
that drives stage one is controlled independently from the
pressure of the pressurized hydraulic fluid that drives stage
two, and this may be achieved by provisioning each of stage
one and stage two with a dedicated hydraulic pump/motor. It
is recognized that in some embodiments, the pressure of the
pressurized hydraulic fluid that drives stage one may be the
same pressure as the pressure of the pressurized hydraulic
fluid that drives stage two, and this may be achieved by
provisioning both stages with a single hydraulic pump/motor.

The previous description and the following description is
based on a compression process configured as a gear system
with six available gears, where the sixth gear has the largest
ratio of effective water piston surface area to effective hydrau-
lic fluid surface area; in other words, in sixth gear the flow of
a relatively small volume of hydraulic fluid will create a
relatively large volume of water flow, and thus a relatively
large change in volume available to be occupied by the gas
being compressed. It is important to recognize that the first
stage of the system is configured with a first set of six gear
ratios, and that the second stage of the system is configured
with a second set of six gear ratios. The six gears may be
implemented using two, three, or more water pumps. Itis also
important to recognize that the first stage of compression
operates at an air pressure range that is lower than the air
pressure range operated in the second stage of compression.
Correspondingly, the system is configured such that the six
gear range used to drive the first stage of compression consists
of gear ratios that are higher than the six gear range config-
ured to drive the second stage of compression. It is appreci-
ated, and it is anticipated, that embodiments can have more
gears or fewer gears. It is appreciated, and it is anticipated,
that embodiments can use more water pumps, or can use
fewer water pumps.

With reference to FIGS. 7-9, before the pistons 444A and
444B, and 466 reach the end of their strokes (as shown in FIG.
9), gear shifts from sixth to fifth, and from fifth to fourth, and
from fourth to third may have been initiated.

If a gear shift from fifth to fourth is initiated, the valves (not
shown) that supply pressurized hydraulic fluid from the
hydraulic pump/motor to the rod side chambers of hydraulic
cylinders 452 and 458, and 472 are closed. Closing these
valves increases the piston rod “push” already coming from
hydraulic cylinders 452 and 458, and 472, by leaving only the
blind side chambers of hydraulic cylinders 452 and 458, and
472 in fluidic communication with the pressurized hydraulic
fluid. The increased piston rod “push” combines with the
ongoing piston rod “pull” from hydraulic cylinders 454 and
456, and 470 to achieve a fourth gear piston rod force that can
be greater than the fifth gear piston rod force. The fourth gear
piston rod force must be sufficient to achieve the water pump
position depicted in FIG. 9.

FIG. 10 depicts the action of the second water pumps of
both stage one and stage two. Regarding the action of the
second water pumps, FIG. 9 depicts third gear. Before the
pistons 446, and 468 reach the end of their strokes (as shown
in FIG. 11), gear shifts from third to second, and second to
first may have been initiated. To configure the second water
pumps in third gear, the valves (not shown) that supply pres-
surized hydraulic fluid from the hydraulic pump/motor to the
rod side chambers and the blind side chambers of hydraulic
cylinders 450 and 474 are opened, configuring cylinders 450
and 474 so as to “push” in regenerative mode.
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If a gear shift third to second is initiated, the valves (not
shown) that supply pressurized hydraulic fluid from the
hydraulic pump/motor to the rod side chambers of hydraulic
cylinders 448 and 476 are opened. Opening these valves
results in augmenting the piston rod “push” already applied
by hydraulic cylinders 450 and 474, with a piston rod “pull”
from hydraulic cylinders 448 and 476. It is to be appreciated
that the sequence described above corresponds to an embodi-
ment in which SA <SA,_,, and that embodiments in which
the surface areas are of a different relative sizes, for example,
SA>SA, ., the pressurization combination that achieves
sixth gear versus fifth gear can vary, and thus the preferred
pressurization sequence can vary.

Ifa gear shift from second to first is initiated, the valves (not
shown) that supply pressurized hydraulic fluid from the
hydraulic pump/motor to the rod side chambers of hydraulic
cylinders 450 and 474 are closed. Closing these valves
increases the piston rod “push” already coming from hydrau-
lic cylinders 450 and 474, by leaving only the blind side
chambers of hydraulic cylinders 450 and 474 in fluidic com-
munication with the pressurized hydraulic fluid. The
increased piston rod “push” combines with the ongoing pis-
ton rod “pull” from hydraulic cylinders 448 and 476 to
achieve a first gear piston rod force that can be greater than the
second gear piston rod force. The first gear piston rod force
must be sufficient to achieve the water pump position
depicted in FIG. 11.

As illustrated by the flow arrows for water and air in FIGS.
8-9, as the system cycles through a first portion of a stroke, the
water in the stage one first pressure vessel 424 will move and
be drawn into the water pumps 444 A and 444B as indicated
by the water flow arrows. As the water flows out of pressure
vessel 424, volume is created inside the pressure vessel 424
for air to enter as indicated by the air flow arrows. For
example, a relatively negative pressure can be created within
the pressure vessel 424, which will draw ambient air or pre-
compressed intake air into the first pressure vessel 424, and
into pockets within each of the dividers within the pressure
vessel 424. It is understood that other embodiments may use
dividers that do not include pockets. This results in air/liquid
and air/divider interfaces through which heat may be trans-
ferred. When the pistons in the water pumps 444A and 444B
reach the end of their stroke (as shown in FIG. 9), a second
portion of a stroke, as depicted in FIG. 10, draws additional
water from pressure vessel 424 into the water pump 448, and
draws additional intake air into pressure vessel 424. FIG. 11
depicts the end of water removal from pressure vessel 424,
which is also the end of the air intake stroke that draws air into
pressure vessel 424.

As illustrated by the flow arrows for water and air in FIGS.
8-9, as the system cycles through a first portion of compres-
sion, the water in the stage two second pressure vessel 462
will move and be drawn into water pump 466. As the water
flows out of pressure vessel 462, volume is created inside the
pressure vessel 462 for air from pressure vessel 426 to enter as
indicated by the air flow arrows in FIGS. 8 and 9, urged by a
relatively negative pressure that can be created within the
pressure vessel 462. When the piston in the water pump 466
reaches the end of its stroke (as shown in FIG. 9), a second
portion of a stroke, as depicted in FIG. 10, draws additional
water from pressure vessel 462 into the water pump 468,
which draws additional air into pressure vessel 462. FIG. 11
depicts the end of water removal from pressure vessel 462,
which is also the end of the air compression and transfer
stroke that draws air into pressure vessel 462.

As illustrated by the flow arrows for water and air in FIGS.
8-9, as the system cycles through a first portion of compres-
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sion, water from water pump 466 will move into pressure
vessel 464. As the water flows into pressure vessel 464, vol-
ume inside the pressure vessel 464 is reduced, increasing the
air pressure in pressure vessel 464. For example, when the air
pressure inside pressure vessel 464 substantially equals the
air pressure in the air storage cavern (not shown), a valve (not
shown) may open between pressure vessel 464 and the stor-
age cavern that establishes communication between pressure
vessel 464 and the storage cavern. Water may continue to
move from water pump 466 into pressure vessel 464, which
may transfer air from pressure vessel 464 into the air storage
cavern as indicated by the air flow arrows in FIGS. 8 and 9;
urged by a relatively positive pressure that can be created
within the pressure vessel 464. When the piston in the water
pump 466 reaches the end of its stroke (as shown in FIG. 9),
a second portion of a stroke, as depicted in FIG. 10, moves
additional water from water pump 468 into pressure vessel
464, which moves additional air into the storage cavern (not
shown). FIG. 11 depicts the end of water movement into
pressure vessel 464. It is appreciated that the valve that can
establish communication between pressure vessel 464 and
the storage cavern may open during the actuation of water
pump 466 or during the actuation of water pump 468 as
needed, for example, depending on when during the stroke
the air pressure in pressure vessel 464 equals the air pressure
in the storage cavern.

FIGS. 12 to 14 illustrate a similar process as described
above, except that intake air is received in pressure vessel 426
(stage one), air is transterred from pressure vessel 424 (stage
one) to pressure vessel 464 (stage 2), and air is transferred
from pressure vessel 462 (stage 2) to the storage cavern (not
shown). These processes operate in a similar manner as
described above and are therefore not described in detail.

FIGS. 15-22 illustrate an expansion process using system
400. Air that has been stored within the storage structure can
be expanded through system 400 and be used to convert the
stored energy into other forms that may be desirable, for
example, it may be used to generate electricity. The various
components of the system 400 can operate in a similar manner
but in an opposite direction. Thus, air can be expanded
through stage two and then stage one, in each stage the
expanding air driving the pistons in the water pumps, which in
turn drive the hydraulic pump/motor and the electric motor/
generator to generate electricity. After the final expansion of
the air inside a pressure vessel, if it is still above ambient
pressure additional energy can be generated by expansion of
the air by, for example, transferring the air to another energy
conversion device, such as an air turbine. In other embodi-
ments, after the final expansion inside a pressure vessel, the
air may be released to the ambient environment, and may be
released at substantially ambient air pressure.

FIG. 15 illustrates a starting condition for an expansion
cycle that includes receiving compressed air from the storage
cavern within the second pressure vessel 464 of the second
stage. FIGS. 16-18 and 20-22 illustrate the flow of water and
air and the drive direction for the hydraulic cylinders at both
stage one and stage two for the expansion cycles of the sys-
tem. Similar to FIG. 11, FIG. 19 illustrates both an end of the
cycle to expand air initially received in the second pressure
vessel 464 and also a starting point for another cycle that
includes expanding air initially received within the first pres-
sure vessel 462 of stage two. One full cycle of the system 400
(FIGS. 15-19 or FIGS. 19-22) can be, for example, a total of
6 seconds. The system can cycle in the same manner as
described above for compression, but in an opposite direction
of flow for water and air.
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FIGS. 23-24 are example graphs illustrating the hydraulic
fluid pressures and hydraulic fluid flow rates for one cycle
(e.g., 6 seconds) of a system, such as system 400 configured
to operate with a four gear sequence as described above, and
configured to maintain compressed air within the storage
cavern at 184 bar. FIG. 23 illustrates the hydraulic fluid pres-
sures and fluid flow rates for stage one of the system and FIG.
24 illustrates the hydraulic fluid pressures and fluid flow rates
for stage two of the system. The pressure and flow rate are
shown for each of the four gear steps. These example charts
illustrate gear shifts when the hydraulic fluid pressure reaches
360 bar. Immediately after each gear shift, the pressure drops
to approximately 200 bar. Itis understood that these pressures
are examples only, and that other high and low pressure values
may be selected. The values for high pressure and low pres-
sure are selected according to the operating characteristics of
the hydraulic pump/motor 414. Hydraulic pumps operate
relatively efficiently when they operate within a pressure
range dictated by the hydraulic pump. To effectively apply the
system and method, the pressures at which gear shifts occur,
are selected with respect to the pressures at which the hydrau-
lic pump operates efficiently. Typically, a hydraulic pump’s
energy efficiency is most sensitive to its output pressure,
which is why the system and methods carefully attend to fluid
pressure, but other pump characteristics must also be simul-
taneously attended to; particularly the pump’s maximum flow
rate in terms of fluid volume per unit time. It should be noted
that some hydraulic pumps may have other constraints, for
example, minimum flow rates.

It should be noted that gear shift points may also be con-
strained by other embodiment details such as the maximum
extension position of a hydraulic cylinder. It should also be
noted that a hydraulic pump’s operating characteristics usu-
ally interact, and changes in pressure usually also create
changes in flow rate. FIGS. 23 and 24 show one example of a
hydraulic fluid pumping scenario that corresponds to a
hydraulic pump having a maximum hydraulic fluid flow rate
of approximately 7.6 gallons per second (gps). In this
example, four of the possible six gears are used. In this
example, several of the gear shifts involve pressure changing
from 360 bar to about 200 bar, and in this example the pres-
sure change is accompanied by a substantially simultaneous
drop in fluid flow rate, to approximately 4.0 gps. The product
of hydraulic fluid pressure and hydraulic fluid flow rate is
power, and this example shows a pressure and flow scenario
that maintains an approximately constant power value during
operation of the pump system. Constant power is one method
for selecting the relationship between output pressure and
output flow rate. It is understood that other embodiments may
choose to vary pressure and flow in a fashion that results in a
power that is something other than constant.

FIGS. 25-26 are example graphs illustrating the hydraulic
fluid pressures and hydraulic fluid flow rates for one cycle of
a system, such as system 400. The configuration of the system
is such that the stage one operates using a four gear sequence
as described above. FIG. 26 depicts a scenario in which stage
two compresses air, and when the compressed air pressure
substantially equals the air pressure in the storage cavern, the
compressed air is pumped into a storage cavern currently at
90bar. FIG. 25 illustrates the pressures and fluid flow rates for
stage one of the system, and FIG. 26 illustrates the pressures
and fluid flow rates for stage two of the system, and depicts
how, in this scenario, the preferred gear shift sequence uses
three of the possible six gears. The pressure and flow rate are
shown for each of the four stage one gear steps, and for each
of' the three stage two gear steps. These example charts illus-
trate gear shifts occurring at points dictated by constraints
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other than hydraulic pump maximum pressure. For example,
FIG. 26 shows a gear shift that occurs at a pressure of about
310 bar, which is less than the 360 bar maximum. This gear
shift occurred because the first water pump reached the end of
its stroke before the maximum hydraulic fluid pressure of 360
bar was called for. Further, the hydraulic fluid pressure during
the operation of the second water pump remains below about
250 bar throughout the stroke of the second water pump. This
is because the hydraulic fluid pressure called for to operate
against the cavern’s current pressure, using the highest gear
available in the second water pump, is lower than the maxi-
mum hydraulic pump pressure. Importantly, the hydraulic
fluid pressure remains within the hydraulic pump’s efficient
output pressure range, which in this example is between 120
bar and 360 bar. It is understood that the method may be
applied using pressure ranges different from 120 bar to 360
bar.

FIGS. 27 and 28 are example graphs illustrating hydraulic
pressure versus hydraulic pump volumetric flow capacity, for
stage one and stage two for a system compressing air into a
storage cavern at 90 bar and 180 bar, respectively.

FIGS. 29 and 30 are example graphs illustrating the power
consumption of the hydraulic pumps used in a system, such as
system 400 compressing air into a storage cavern currently at
90 bar. FIG. 29 illustrates the power consumption for stage
one, and FIG. 30 illustrates the power consumption for stage
two. FIGS. 31 and 32 are example graphs illustrating the
power consumption of the hydraulic pumps used in a system,
such as system 400 compressing air into a storage cavern
currently at 180 bar. FIG. 31 illustrates the power consump-
tion for stage one, and FIG. 32 illustrates the power consump-
tion for stage two. As noted above, this example is one in
which the power consumed by the pump (which is propor-
tional to the hydraulic power produced by the pump) is main-
tained at an approximately constant level during operation of
the system.

FIGS. 33-36 are example maps of the efficiency levels of
the hydraulic pumps/motors used in a system, such as system
400, when operated as hydraulic pumps at various pressures
and speeds. The map is demarked into zones that depict the
energy efficiency available for the hydraulic pumps. The sys-
tems and methods of operating the systems described herein
can be configured to operate the hydraulic pump within the
highest efficiency zone throughout the entire compression
cycle. The efficiencies are determined based on a percentage
of maximum volumetric displacement of the pump (which,
for the pump used in the examples described above, can be
selectively varied). For example, FIG. 33 illustrates efficiency
based on 100% displacement for a flow rate of 7.6 gal./sec.
FIG. 34 illustrates an efficiency based on 80% displacement,
which means that the system is operating with a flow rate at
80% of the 7.6 gal./sec. (i.e., 6.0 gal./sec.). FIGS. 35 and 36
are similarly determined based ona 100% displacement at 7.6
gal./sec.

FIGS. 37-50 are example graphs illustrating various
parameters of a system, such as system 400, operating with a
storage cavern pressure at 180 bar. FIGS. 37-42 illustrate
various parameters associated with stage one, and FIGS.
43-47 illustrate various parameters associated with stage two.
FIGS. 48 and 49 illustrate an example of how the associated
pressures and flow rates during gear shifts throughout a cycle
for an embodiment of a stage one and stage two change when
using a different configuration of hydraulic cylinder piston
surfaces areas. The nature of pressure and flow changes are
seen by comparing FIGS. 48-49 with FIGS. 23-26. FIG. 50
illustrates the hydraulic pressure versus volumetric flow



US 9,109,511 B2

23
capacity of the system that corresponds to the pressure and
flows depicted in FIGS. 48-49.

As discussed above, heat can be transferred from air (or
other gas) that is compressed in the pressure vessel to reduce
the work consumed by the compression process. Heat can be
transferred from air to a liquid, and/or air to dividers within
the compression vessel, and/or from the liquid out of the
pressure vessel. In some embodiments, to increase heat trans-
fer, the system can be operated at a relatively slow speed. For
example, in some embodiments, a complete compression or
expansion cycle may be slow enough to provide additional
time for heat transfer between the air and liquid. Enough heat
energy may be transferred, according to some embodiments,
to approximate an isothermal compression and/or expansion
process, achieving work reduction or extraction and the effi-
ciencies associated therewith. Additionally or alternatively,
faster speeds may allow larger power levels to be achieved
during expansion, isothermally or with temperature changes,
which may be desirable at particular times during the system
operation.

The use of a liquid (e.g. water) as a medium through which
heat passes during compression and/or expansion may allow
for a continuous temperature moderation process and may
provide a mechanism by which heat may be moved in and/or
out of the compression vessel. That is, during compression
the liquid may receive heat from air that is being compressed,
and pass this heat to the external environment continuously,
orinbatches, both while air is being compressed and while air
is being received by the pressure vessel for later compression.
Similarly, heat addition may occur when a compressor/ex-
pander device is operating in an expansion mode both during
expansion and as expanded air is passed from a pressure
vessel.

As discussed above, the liquid within a pressure vessel can
be in contact with the air at one or more air/liquid interfaces
and air/divider interfaces, across which heat is transferred
from air that is compressed and/or to air that is expanded. The
pressure vessel can also include a heat exchanger, such as one
or more heat pipes as discussed above, that transfers heat
between the liquid and an environment that is external to the
device. Heat may be moved from air that is compressed
and/or to air that is expanded to achieve isothermal or near
isothermal compression and/or expansion processes.

FIGS. 51A-51D, 52A-52C, 53, 54A-54B, 55 and 56 each
illustrate embodiments of a hydraulic drive system or actuator
that can be used to selectively adjust the ratio of hydraulic
fluid pressure to the pressure of fluid on a working piston that
bounds a working chamber. For example, an actuator can be
used to actuate a working piston within a compression and/or
expansion device to compress or expand a gas (e.g., air). The
compression and/or expansion device can include a reservoir
or housing that can contain a gas, a liquid, and/or both a gas
and a liquid. An actuator can include one or more states or
gears as described above for previous embodiments, to con-
trol the movement of the working piston and to maintain a
desired relationship between the pressure of fluid in the work-
ing chamber and the pressure of the hydraulic fluid in the
actuator.

In the embodiment shown in FIG. 51A, the actuator
includes two hydraulic cylinders, each having a different
diameter and a different size (e.g., diameter) hydraulic piston
that can actuate (or be actuated by) a working piston (or other
driven member) at different hydraulic pressures. Because of
the different sized hydraulic pistons, the number of gears and
gear shifts can be increased (as compared to the actuator 412
described above that included two hydraulic pistons having
the same diameter) due to the various combinations of oper-
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ating surface areas available to pressurize the hydraulic pis-
tons on either side of the working piston. By having more
gears and gear shifts, the hydraulic actuator can operate with
a higher degree of pressure selectivity, and thereby possibly
operate a pump/motor in a more efficient range of hydraulic
pressure for a given range of fluid pressure in the working
chamber, or can operate in the same range of hydraulic pres-
sure with a wider range of working chamber pressure, and/or
to more closely control the desired output (or input) pressure,
flow rate and/or direction of force desired at different stages
of operation of a water pump and/or a compression and/or
expansion device or system.

FIG. 51 A schematically illustrates the various components
of a portion of an actuator 712. As shown in FIG. 51A, the
actuator 712 includes a hydraulic cylinder 748 and a hydrau-
lic cylinder 750. The hydraulic cylinder 748 includes a hous-
ing 784 and a hydraulic piston 778 movably disposed within
an interior region defined by the housing 784. The hydraulic
cylinder 750 includes a housing 785 and a hydraulic piston
780 movably disposed within an interior region of the hous-
ing 785.

The hydraulic piston 778 divides the interior region of
housing 784 of the hydraulic cylinder 748 into two portions:
a hydraulic fluid chamber C1 above the hydraulic piston 778
and a hydraulic fluid chamber C2 below the hydraulic piston
778. Similarly, the hydraulic piston 790 divides the interior
region of housing 785 of the hydraulic cylinder 750 into two
portions: a hydraulic fluid chamber C3 above the hydraulic
piston 780 and a hydraulic fluid chamber C4 below the
hydraulic piston 780. The hydraulic fluid chambers C1 and
C2 can be referred to as the blind side and the rod side,
respectively, of the hydraulic cylinder 748, and the fluid
chambers C3 and C4 can be referred to as the rod side and the
blind side, respectively, of the hydraulic cylinder 750.

The hydraulic piston 778 has an operating surface area A1
on the side of the hydraulic piston 778 associated with fluid
chamber C1 (the blind side) and an operating surface area A2
on the side associated with the fluid chamber C2 (the rod
side). The hydraulic piston 780 has an operating surface area
A3 on the side of the hydraulic piston 780 associated with the
fluid chamber C3 (the rod side) and an operating surface area
A4 on the side associated with fluid chamber C4 (the blind
side).

Thus, because of the different sized hydraulic pistons and/
or the different sized drive rods R1 and R2, the operating
surface areas Al and A2 of the hydraulic piston 778 are
different than the operating surface areas A3 and A4 of the
hydraulic piston 780. For example, the rod side operating
surface area A2 of hydraulic piston 778 can be smaller than
the rod side operating surface area A3 ofhydraulic piston 780.
It is appreciated that R2 can be made bigger than R1 to a
degree that can make A2 equal to A3, or A2 greater than A3.
In an example in which hydraulic piston 778 has a smaller
diameter than hydraulic piston 780, the blind side operating
surface area Al of hydraulic piston 778 is smaller than the
blind side operating surface area A4 of hydraulic piston 780.

The hydraulic piston 778 is coupled to a driven member (in
this embodiment a working piston) 774 via a drive rod R1 and
the hydraulic piston 780 is coupled to the working piston 774
via a drive rod R2. The working piston 774 is movably dis-
posed within a housing 782 having an interior region that is
divided by the working piston 774 into two working cham-
bers, WC1 and WC2, each configured to contain a fluid (e.g.,
water and/or air). The drive rods R1 and R2 slidably extend
though respective openings in the housing 782, each of which
can include a seal such that the drive rods R1 and R2 can move
within the openings to actuate the working piston 774, but
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fluid cannot pass between the working chambers WC1, WC2
and the hydraulic fluid chambers C2 and C3, respectively. In
this embodiment, a diameter of the drive rod R1 is less than a
diameter of the drive rod R2 and a diameter of the hydraulic
piston 778 is smaller than a diameter of the hydraulic piston
780.

As described above for other embodiments, the actuator
712 can be operated in one of multiple different gears, or
states at any given time period during a cycle of the actuator
712 by varying the effective piston ratio (e.g., the net operat-
ing surface area of the hydraulic pistons to the surface area of
the driven member, e.g. working piston) during a cycle or
stroke of the actuator 712. For a given hydraulic fluid pres-
sure, the pressure of a working fluid within the housing 782
can be varied by varying the net operating hydraulically pres-
surized area of the hydraulic pistons, for convenience the
possible area variations can be referred to as “gears”. Con-
versely, for a given working fluid pressure, the hydraulic fluid
pressure can be varied, e.g. in an expansion cycle. The quan-
tity and sequence of gears can be varied as desired to achieve
a desired relationship between the pressure of the working
fluid within the reservoir (which is essentially the same as the
pressure of the fluid in the working chamber) and the hydrau-
lic fluid pressure supplied from (or supplied to) the hydraulic
pump/motor. Thus, the actuation of the working piston
(whether driving gas compression or being driven by gas
expansion) can be fine tuned by configuring an optimal gear
sequence for a given stroke of the hydraulic actuator 712. As
previously described, the number of possible gears fora given
actuator can be based on the number of hydraulic cylinders,
the size of the pistons, the size of the drive rods and the size of
the working piston. In this embodiment, because the pistons
778 and 780 have different diameters and the drive rods R1
and R2 have different diameters, the 16 possible states of the
actuator (each of the four chambers can be pressurized or not
pressurized) can define 15 possible gears for which the actua-
tor 712 (since the state in which no chambers are pressurized
does not produce any net hydraulic piston area). If the drive
rods R1 and R2 have the same diameter, the number of pos-
sible gears is 14, because when all of the chambers are pres-
surized, the resulting net operating surface area will be equal
to zero, as described in more detail below.

FIGS. 51B and 51C each illustrate different possible gears
in which the actuator 712 can operate. These gears are iden-
tified for ease of reference as D1-D7 and U1-U7, but this
numbering scheme does not necessarily indicate that the
states are in order of net surface area. FIG. 51B illustrates
gears of the actuator 712 in which the working piston 774 can
be driven upward by the actuator 712 (or in which upward
movement of the working piston can drive the actuator), and
FIG. 51C illustrates gears of the actuator 712 in which the
working piston 774 can be driven downward by the actuator
712 (or in which downward movement of the working piston
can drive the actuator). As shown in FIGS. 51B and 51C, for
a given gear (e.g., D1-D7, U1-U7) of the actuator 712, if a
fluid chamber (e.g., C1, C2, C3, C4) is active, i.e. in fluidic
communication with the high pressure side of the hydraulic
pump/motor (either to receive, and be driven by, pressurized
hydraulic fluid provided by the hydraulic pump/motor acting
as a pump, or to provide pressurized hydraulic fluid to, and
drive, the hydraulic pump/motor acting as a motor), it is
shown un-shaded and if a fluid chamber is inactive, i.e. is
fluidically isolated from the high pressure side of the hydrau-
lic pump/motor, it is shown shaded (cross-hatched) for that
particular gear.

FIG. 51D is a table that includes information that corre-
sponds to the various gears (e.g., D1-D7 and U1-U7) of the
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actuator 712 in FIGS. 51B and 51C. The table also shows a
gear U8 (not shown in FIGS. 51B and 51C) in which all of the
chambers C1-C4 are pressurized (described in more detail
below). The table of FIG. 51D also shows the associated
chambers (C1-C4) of the actuator 712 that are active (in
fluidic communication with the high pressure side of the
hydraulic pump/motor) for each gear (D1-D7, U1-U8). Spe-
cifically, as shown in the table, for a particular gear, P indi-
cates that a chamber (e.g., C1, C2, C3, C4) is pressurized
(active), and N indicates that a chamber is not pressurized
(inactive). The column labeled DIR indicates which direction
a force will be exerted by an active hydraulic fluid chamber
(e.g., C1-C4). For example, if only chamber C1 is active (in
fluidic communication with the high pressure side of the
hydraulic pump/motor), the resulting force on the driven
member (e.g. working piston 747) will be in adown direction,
and if only chamber C2 is active, the resulting force will be in
anup direction. It is understood that “pressurized” means at a
first pressure that is relatively high with respect to a second
pressure referred to a “not pressurized.”

The net operating surface area A, ,, of the actuator 712 for
aparticular gear is equal to the total of the surface areas (e.g.,
Al, A2, A3, A4) associated with the chambers (C1-C4) that
are active for that gear. For purposes of illustration, the sign
convention used in this example refers to a force exerted on
the surface areas A1 and A3 as being in a positive (+) direc-
tion, and a force exerted on the surface areas A2 and A4 as
being in a negative (-) direction. Thus, in this example, con-
sidering the driven member to be working piston 774 operat-
ing in a compression mode, if the net operating surface area
A, is negative, the actuator 712 will cause the working
piston 774 to move in the up direction (e.g., gears U1-U8),
and if the net operating surface area is positive, the actuator
712 will cause the working piston 774 to move in the down
direction. Conversely, if the driven member is working piston
774 operating in an expansion mode, when expanding gas
drives working piston 774 in the up direction, gears U1-U8
will be operative so that the active hydraulic chambers asso-
ciated with those gears to pressurize hydraulic fluid in those
chambers and supply that fluid to, and drive in a motor mode,
the hydraulic pump/motor.

The different gears can be activated by placing selected
hydraulic fluid chambers (e.g., C1, C2, C3, and/or C4) of the
actuator 712 into fluidic communication with hydraulic fluid
at a working hydraulic pressure (such as supplied by a
hydraulic pump/motor operating as a pump, or supplied by
the hydraulic fluid chambers to the hydraulic pump/motor
operating as a motor), and fluidically isolating the other
chambers from the working hydraulic pressure. For example,
one or more valves can be coupled to each of the chambers
C1-C4 that can be selectively opened (e.g. by a hydraulic
controller, as described above and as described below with
reference to actuator 812 shown in FIG. 52A) to establish
fluidic communication with the high pressure side of the
hydraulic pump/motor and to allow hydraulic fluid to be
pumped into the chamber. Conversely, the one or more valves
can be controlled to isolate the chamber(s) from the high
pressure side of the hydraulic pump/motor and to establish
fluidic communication with a low pressure reservoir of
hydraulic fluid, e.g. to allow hydraulic fluid to be expelled or
drained from the chamber as the associated piston moves to
reduce the volume of the chamber. One or more gears can be
actuated during a single cycle or stroke of the actuator 712 to
achieve the desired output pressure of a fluid within the hous-
ing 782. In addition, the order of the gears can be varied. Thus,
although the gears are labeled D1-D7 and U1-U8 in the fig-
ures, the actuator 712 can cycle through one or more gears in
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a variety of different combinations and orders. For example,
in one cycle, the actuator 712 can be configured to cycle
through gears D7, D6, D2 and D5, to incrementally increase
the pressure of the working fluid within the housing 782
during the cycle.

In one example, as shown in the table of FIG. 51D, and
referring to FIG. 51C, to actuate the gear D7, hydraulic fluid
at a working pressure is selectively communicated to the
chamber C1 and the chamber C2 ofthe hydraulic cylinder 748
and will exert hydraulic pressure on surface areas Al and A2
in a down and an up direction, respectively. Because the
surface area Al is greater than the surface area A2, the net
operating surface area A, _, (A1-A2) will be positive, and the
resulting hydraulic force will move the hydraulic piston 778
downward, which in turn will move the working piston 774
downward. In another example, to actuate the gear U2,
hydraulic fluid at a working pressure is selectively commu-
nicated to the chamber C2 and C4, as shown in FIG. 51B,
which will exert hydraulic pressure on surface areas A2 and
A4 in an up direction, resulting in a net operating surface area
A, , that is negative (A,,,~=—A2+-A4). Thus, the hydraulic
force will move the hydraulic piston 778 upward, which in
turn will move the working piston 774 upward.

Referring to gear U8 in the table of FIG. 51D (but not
shown in FIGS. 51B and 51C), if hydraulic fluid at a working
pressure is selectively communicated to all the chambers
(C1-C4), hydraulic pressure will be exerted on surface areas
Al and A3 in a down direction (i.e., positive), and surface
areas A2 and A4 in an up direction (i.e., negative) and the
resulting net operating surface area will be A, ,=A1-A2+
A3-A4. Because the diameter of drive rod R1 and the diam-
eter of drive rod R2 are different in this example embodiment,
the resulting net operating area A, , will not be equal to zero;
rather, there is a net operating surfacearea A, _,, which is equal
to the difference in the cross-sectional areas of the two rods.
If the diameter of drive rod R1 and the diameter of drive rod
R2 are equal, the resulting net operating surface area will be
zero, and thus the force on the working piston will be zero.

The bottom row of the table of FIG. 51D illustrates the
possible gears associated with the actuator 712 if the blind
side and rod side surface areas of the hydraulic piston 778 are
the same as the blind side and rod side surface areas of the
hydraulic piston 780, respectively (i.e., diameter of piston
778=diameter of piston 780, Ad=A1, A2=A3 and R1=R2).
Such an embodiment is similar to the actuator 412 described
above. As shown in the table, and referring, for example, to
gear D1 in FIG. 51C, in such an embodiment, if hydraulic
fluid at a working pressure is selectively communicated to
fluid chambers C1, C3 and C4, because the pistons 778 and
780 are equal in this example, the hydraulic pressure exerted
on surface areas A1 and A4 will cancel each other out, and the
resulting net operating surface area A, ,, will be equal to
surface area A3. This will cause the hydraulic piston 780 to
move downward, which in turn will move the water piston
774 downward. In another example, if hydraulic fluid at a
working pressure is selectively communicated to fluid cham-
bers C2 and C3, as shown in gear D3 in FIG. 51C, because the
surface area Al equals the surface area A3, in this example,
the resulting force on the water piston will be zero. As shown
in the table, in this example (e.g., where piston 778=piston
780, and rod 2=rod 3), gear D6 is the same as gear D3, and
gear D2 is the same as gear D5. Thus, the total number of
different gears available for such an embodiment is equal to 8;
4 in an up direction and 4 in a down direction.

FIG. 52A illustrates another embodiment of an actuator
that can be used with the devices and systems described
herein. This embodiment illustrates an actuator that can
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include multiple hydraulic cylinders operatively coupled on
one end of a working piston and configured to actuate the
working piston. FIG. 52A illustrates two different sized
hydraulic cylinders, each having different diameter hydraulic
pistons. It should be understood, however, that more than two
hydraulic cylinders can be used and/or one or more hydraulic
cylinders can also be operatively coupled to the opposite end
of the working piston.

Specifically, FIG. 52A schematically illustrates the various
components of a portion of an actuator 812. As shown in FIG.
52A, the actuator 812 includes a hydraulic cylinder 848
including a housing 884 that defines an interior region and a
hydraulic piston 878 movably disposed within the interior
region of the housing 884, and a hydraulic cylinder 850
including a housing 885 and a hydraulic piston 880 movably
disposed within the interior region of the housing 885. A drive
rod R1 is coupled to the hydraulic piston 880 of the hydraulic
cylinder 850 and the hydraulic piston 878 of the hydraulic
cylinder 848, and a drive rod R2 is coupled to the hydraulic
piston 880 of the hydraulic cylinder 850 and can be coupled to
a working piston (not shown) disposed within a housing 882
configured to contain a volume of fluid, as described above
for previous embodiments. In this example embodiment, the
hydraulic piston 878 has a smaller diameter than the hydraulic
piston 880 and a diameter of the hydraulic drive rod R1 is
greater than a diameter of the hydraulic drive rod R2. It should
be understood, however, that the hydraulic piston 878 can
alternatively be the same size as, or larger than, the hydraulic
piston 880. Similarly, the hydraulic drive rods R1 and R2 can
alternatively be the same size, or the hydraulic drive rod R2
can be greater than the hydraulic drive rod R1.

The housing 884 of the hydraulic cylinder 848 defines
within its interior region a fluid chamber C1 above the
hydraulic piston 878 and a fluid chamber C2 below the
hydraulic piston 878. Similarly, the housing 885 of the
hydraulic cylinder 850 defines within its interior region a fluid
chamber C3 above the hydraulic piston 880 and a fluid cham-
ber C4 below the hydraulic piston 880. In this embodiment,
the fluid chambers C1 and C2 can be referred to as a blind side
and a rod side, respectively, of the hydraulic cylinder 848, and
the fluid chambers C3 and C4 can be referred to as a first rod
side and a second rod side, respectively, of the hydraulic
cylinder 850.

The hydraulic cylinder 848 is coupled to a hydraulic pump/
motor 814 (or other suitable source of pressurized hydraulic
fluid) via conduits 895, and the hydraulic cylinder 850 is
coupled to the hydraulic pump/motor 814 via conduits 896.
The hydraulic pump/motor 814 is coupled to a system con-
troller 816 that can be used to operate and control the hydrau-
lic pump/motor 814 as described for previous embodiments.
A valve 898 is coupled between each chamber of the hydrau-
lic cylinders 848 and 850 and the hydraulic pump/motor 814
that can be selectively opened and closed, e.g. under control
of the system controller 816, to fluidically couple or fluidi-
cally isolate, respectively, the high pressure side of the
hydraulic pump/motor 814 to each chamber so that the sys-
tem or hydraulic controller 816 can selectively actuate (sup-
ply pressurized hydraulic fluid to) one or both chambers of
one or both of the hydraulic cylinders 848 and 850 in a similar
manner as described above for previous embodiments.

The hydraulic piston 878 has an operating surface area A1l
on the side associated with fluid chamber C1 (e.g., the blind
side) and an operating surface area A2 on the side associated
with the fluid chamber C2 (e.g., the rod side). The hydraulic
piston 880 has an operating surface area A3 on the side of the
hydraulic piston 880 associated with the fluid chamber C3
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(e.g., thefirst rod side) and an operating surface area A4 on the
side associated with fluid chamber C4 (e.g., the second rod
side).

In this example embodiment, and as shown in FIG. 52A,
the operating surface areas A1 and A2 of the hydraulic piston
878 are, different than the operating surface areas A3 and A4
of the hydraulic piston 880. For example, the operating sur-
face area A2 of hydraulic piston 878 is smaller than the
operating surface areas A3 and A4 of hydraulic piston 880.
The operating surface area A4 of hydraulic piston 880 is
greater than the operating surface area A3 of hydraulic piston
880, and both are larger than the operating surface arecas Al
and A2 of hydraulic piston 878.

FIGS. 52B and 52C each illustrate different possible states
or gears (identified as D1-D7, U1-U7) in which the actuator
812 can operate. FIG. 52B illustrates gears of the actuator 812
in which the actuator 812 can move a working piston coupled
to the drive rod R2 upward within the housing 882, and FIG.
52C illustrates gears in which the actuator 812 can move the
working piston downward within the housing 882. As with
the previous embodiment, for a particular gear (e.g., D1-D7,
U1-U7) shown in FIGS. 52B and 52C, if a fluid chamber (e.g.,
C1, C2, C3, C4) is pressurized with hydraulic fluid, it is
shown unshaded, and if the fluid chamber is not pressurized
with hydraulic fluid it is shown shaded.

The different gears can be activated by selectively fluidi-
cally coupling a source of hydraulic fluid at a working
hydraulic pressure (e.g. via the hydraulic pump/motor 814
described above) to one or more of the fluid chambers (e.g.,
C1, C2, C3, and/or C4) of the actuator 812, as described for
previous embodiments. For example, a selected one or more
of'the valves 898 can be selectively opened to pump hydraulic
fluid into one or more of the chambers and/or to drain hydrau-
lic fluid out of one or more of the chambers (e.g., at the end of
a stroke). One or more of the gears can be actuated during a
given cycle of the actuator 812 to achieve a desired output
pressure of the fluid within the housing 882. The order of the
gears can also be varied. Thus, although the gears are labeled
D1-D7 and U1-U7 in FIGS. 52B and 52C, the actuator 812
can cycle through one or more gears in a variety of different
combinations and orders as described above for previous
embodiments.

A net operating surface area A,,,, of a particular gear is
equal to the total of the surface areas (e.g., Al, A2, A3, A4)
associated with the chambers (e.g., C1-C4) that are pressur-
ized for a given gear. As described above, in this example
embodiment, one or more hydraulic cylinders can also
optionally be coupled to an opposite end of the working
piston. In such an embodiment, the net operating surface area
A, of a particular gear will also include the surface areas
associated with pressurized chambers of the hydraulic cylin-
der(s) operating on the opposite end of the working piston in
a similar manner as described above for actuator 712.

FIG. 53 illustrates a variation of the actuator 812 in which
the drive rod connecting the actuator to a working piston is
coupled to the smaller of two hydraulic pistons and the drive
rods have the same diameter. The actuator 912 includes a
hydraulic cylinder 948 including a housing 984 that defines
an interior region and a hydraulic piston 978 movably dis-
posed within the interior region of the housing 984, and a
hydraulic cylinder 950 including a housing 985 and a hydrau-
lic piston 980 movably disposed within the interior region of
the housing 985. A drive rod R1 is coupled to the hydraulic
piston 978 and the hydraulic piston 980, and a drive rod R2 is
coupled to the hydraulic piston 980 and can be coupled to a
working piston (not shown) disposed within a housing (not
shown) as described above for previous embodiments. In this
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embodiment, a diameter of the hydraulic piston 978 is greater
than a diameter of the hydraulic piston 980, and a diameter of
the drive rod R1 is equal to a diameter of the drive rod R2.

The housing 984 of the hydraulic cylinder 948 defines
within its interior region a fluid chamber C1 above the
hydraulic piston 978 and a fluid chamber C2 below the
hydraulic piston 978. The housing 985 of the hydraulic cyl-
inder 950 defines within its interior region a fluid chamber C3
above the hydraulic piston 980 and a fluid chamber C4 below
the hydraulic piston 980. The hydraulic piston 978 has an
operating surface area Al on the side associated with fluid
chamber C1 and an operating surface area A2 on the side
associated with the fluid chamber C2. The hydraulic piston
980 has an operating surface area A3 on the side of the
hydraulic piston 980 associated with the fluid chamber C3
and an operating surface area A4 on the side associated with
fluid chamber C4.

As with the previous embodiments, the actuator 912 can be
operated in multiple different gears to move a working piston
(not shown) within a housing (not shown). A net operating
surfacearea A, , of a particular gear is equal to the total of the
surface areas (e.g., A1, A2, A3, Ad) associated with the cham-
bers (e.g., C1-C4) that are pressurized for a given gear as
previously described. One or more hydraulic cylinders can
also optionally be coupled to an opposite end the working
piston. In such an embodiment, the net operating surface area
A, of a particular gear will also include the surface areas
associated with pressurized chambers of the hydraulic cylin-
der(s) operating on the opposite end of the working piston in
a similar manner as described above for other embodiments.

FIGS. 54 A and 54B illustrate yet another embodiment of
an actuator that can be used with the devices and systems
described herein. In this embodiment, the actuator can move
from one gear to another without having to selectively open a
valve. An actuator 1012 includes a hydraulic cylinder 1048
including a housing 1084 that defines an interior region and a
hydraulic piston 1078 movably disposed within the interior
region of the housing 1084, and a hydraulic cylinder 1050
including a housing 1085 and a hydraulic piston 1080 mov-
ably disposed within the interior region of the housing 1085.
A hydraulic drive rod R1 is coupled to the hydraulic piston
1080 of the hydraulic cylinder 1050 and the hydraulic piston
1078 of the hydraulic cylinder 1048. A hydraulic drive rod R2
is coupled to the hydraulic piston 1080 of the hydraulic cyl-
inder 1050 and is coupled to a working piston 1074 movably
disposed within a housing 1082 configured to contain a vol-
ume of fluid therein, as described above for previous embodi-
ments. In this embodiment, the housing 1084 of the hydraulic
cylinder 1048 is in fluid communication with the housing
1085 of the hydraulic cylinder 1080 such that the hydraulic
piston 1078 can move between the interior region of the
housing 1084, as shown in FIG. 54B, and the interior region
of the housing 1085 as shown in FIG. 54A.

When the hydraulic piston 1078 is disposed within the
housing 1085 (as shown in FIG. 54 A), a hydraulic fluid cham-
ber C1 is defined collectively by the housing 1084 and the
housing 1085 above the hydraulic piston 1078 and above the
hydraulic piston 1080, and a hydraulic fluid chamber C2 is
defined below the hydraulic piston 1080. When the hydraulic
piston 1078 engages the housing 1084 (as shown in FIG.
54B), a hydraulic fluid chamber C3 is defined by the housing
1084 above the hydraulic piston 1078, a hydraulic fluid cham-
ber C2 is defined below the hydraulic piston 1080 and a
hydraulic fluid chamber C4 is defined above the hydraulic
piston 1080 and below the hydraulic piston 1078. Thus, as the
hydraulic piston 1078 moves between the hydraulic cylinders
1048 and 150, the hydraulic fluid chambers can be redefined.
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When the hydraulic piston 1078 is disposed with the hous-
ing 1085 (as shown in FIG. 54A), the fluid chamber C1 can be
referred to as a blind side of collectively the hydraulic cylin-
der 1048 and the hydraulic cylinder 1050, and the fluid cham-
ber C2 can be referred to as the rod side of the hydraulic
cylinder 1050. When the hydraulic piston 1078 engages the
housing 1084, the fluid chamber C3 can be referred to as the
blind side of the hydraulic cylinder 1048, the fluid chamber
C2 is still referred to as the rod side of hydraulic cylinder
1050, and the fluid chamber C4 can be referred to as a rod side
of collectively the hydraulic cylinder 1048 and the hydraulic
cylinder 1050.

In this embodiment, the hydraulic piston 1078 has a
smaller diameter than the hydraulic piston 1080 and a diam-
eter of the hydraulic drive rod R1 is equal to a diameter of the
hydraulic drive rod R2. As with other embodiments described
herein, the hydraulic pistons 1078 and 1080 can have other
sizes relative to each other, and the drive rods R1 and R2 can
have other sizes relative to each other. For example, the
hydraulic piston 1078 can be larger than the hydraulic piston
1080. In such an embodiment, the set of possible gears can be
changed based on the relative sizes of the hydraulic pistons
and/or the position of the hydraulic pistons relative to the
working piston. The hydraulic piston 1078 has an operating
surface area Al and an operating surface area A2, and the
hydraulic piston 1080 has an operating surface area A3 and an
operating surface area A4 as shown in FIGS. 54A and 54B.

As with the previous embodiments, the actuator 1012 can
be operated in multiple different gears to move the working
piston 1074 within the housing 1082. A net operating surface
area A, of a particular gear is equal to the total of the surface
areas (e.g., Al, A2, A3, Ad) associated with the chambers
(e.g., C1, C2, C3, C4) that are pressurized for a given gear as
previously described. The different gears can be activated by
selectively fluidically coupling a source of hydraulic fluid at
a working hydraulic pressure (e.g. via a hydraulic pump) to
one or more of the fluid chambers (e.g., C1, C2, C3, and/or
C4) of the actuator 1012, as described for previous embodi-
ments. For example, as shown in FIGS. 54A and 54B, a
conduit 1095 can be coupled to and in fluid communication
with the interior region of housing 1084, and conduits 1096
and 1097 can be coupled to and in fluid communication with
the housing 1085. Each of the conduits 1095, 1096 and 1097
can be coupled to for example, a hydraulic pump (not shown)
to supply pressurized hydraulic fluid. Valves 1098 can be
coupled to the conduits 1095, 1096 and 1097 and/or to the
respective housings 1084, 1085, and used to selectively open
fluid communication to the various fluid chambers of actuator
1012.

In this example, the number of possible gears and gear
shifts for the actuator 1012 also varies when the hydraulic
piston 1078 engages the housing 1084. Thus, during one
cycle or stroke of the actuator 1012, the possible number of
gears will change. For example, when the hydraulic piston
1078 is disposed within the housing 1085, there are four
possible pressurization states (two chambers, each pressur-
ized or not pressurized), so the number of possible gears is
equal to three; one gear defined when hydraulic fluid is
pumped into fluid chamber C1, one gear defined when
hydraulic fluid is pumped into fluid chamber C2, and one gear
defined when hydraulic fluid is pumped into both fluid cham-
ber C1 and C2. In one example gear, if fluid chamber C1 is
selectively fluidically coupled to a source of hydraulic fluid at
a working hydraulic pressure via one or both of the conduits
1095 and 1096, the net operating surface area A, ,, will be
equal to (A1+A3-A2), and the resulting force will be in a
direction to the right. If both the fluid chamber C1 and the
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fluid chamber C2 are selectively fluidically coupled to a
source of hydraulic fluid at a working hydraulic pressure, the
net operating surface area A, _, will be equal to (A1+A3-A2-
Ad4), and the resulting force will again be in a direction to the
right.

When the hydraulic piston 1078 engages with and/or is
disposed within the housing 1084 (as shown in FIG. 54B), the
number of possible gears will increase because the number of
different fluid chambers increases. The piston 1078 separates
chamber C1 into two chambers—C3 and C4. This allows 8
pressurization states (three chambers, each pressurized or not
pressurized), so the number of possible gears will be equal to
seven (each chamber individually, each combination of two
of'the chambers, and all the chambers). In one example gear,
fluid chamber C3 can be selectively fluidically coupled to a
source of hydraulic fluid at a working hydraulic pressure, and
the net operating surface area A, will be equal to A1, and the
resulting force will be in a direction to the right. In another
example, the fluid chamber C3 and the fluid chamber C2 can
bothbe selectively fluidically coupled to a source of hydraulic
fluid at a working pressure and the net operating surface area
A, ., will be equal to (A1+A3-A2-A4), and the resulting
force will again be in a direction to the right. Thus, in this
example, the net operating surface area A, _, is the same as
when fluid chamber C1 (in FIG. 54A) is pressurized with
hydraulic fluid as described above.

The number of possible gears can also be increased if a
hydraulic cylinder(s) is operatively coupled to the other side
of the working piston 1074. Thus, although not shown in
FIGS. 54A and 54B, one or more hydraulic cylinders can also
be operatively coupled to the working piston 1074. In such an
embodiment, the net operating surface area A, ,, can be deter-
mined in the same manner as described for previous embodi-
ments.

FIG. 55 illustrates an embodiment of an actuator in which
the hydraulic cylinders are disposed within the reservoir or
housing in which the working piston is disposed. Such an
embodiment may be desirable, for example, to reduce the
space required for the particular device to be actuated. An
actuator 1112 includes a hydraulic cylinder 1148 and a
hydraulic cylinder 1150 each coupled to a housing 1182 and
disposed within an interior region defined by the housing
1182, in which a gas can be compressed and/or from which a
fluid can be discharged and/or a into which a liquid can be
received. The housing 1182 is configured to contain a volume
of fluid within its interior region. The hydraulic cylinder 1148
includes a housing 1184 and a hydraulic piston 1078 movably
disposed within an interior region defined by the housing
1184. The hydraulic cylinder 1150 includes a housing 1185
and a hydraulic piston 1080 movably disposed within an
interior region of the housing 1185. A working piston 1174 is
movably disposed within an interior region of the housing
1182 and is coupled to the hydraulic piston 1178 and the
hydraulic piston 1180 via a single drive rod R1, such that the
working piston 1174 can move with movement of the hydrau-
lic piston 1178 and the hydraulic piston 1180.

The housing 1084 defines within its interior region a
hydraulic fluid chamber C1 and a hydraulic fluid chamber C2,
and the housing 1085 defines within its interior region a
hydraulic fluid chamber C3 and a hydraulic fluid chamber C4.
The determination of gears and net operating surface areas
associated with a particular gear can be determined in the
same or similar manner as described above for previous
embodiments, and is, therefore, not described in detail with
reference to this embodiment. The hydraulic pistons 1178 and
1180 can be actuated to move within their respective housings
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1184 and 1185 and move the working piston 1174 up and
down within the housing 1182.

FIG. 56 illustrates an embodiment of an actuator in which
the housings of the hydraulic cylinders are fixedly coupled to
the working piston within the reservoir or housing in which
the working piston is disposed, such that the hydraulic pistons
remain stationary and the housings and the working piston
move relative to the hydraulic pistons. An actuator 1212
includes a hydraulic cylinder 1248 and a hydraulic cylinder
1280 each disposed within an interior region of a housing
1282 configured to contain a volume of fluid therein. The
hydraulic cylinder 1248 includes a housing 1284 and a
hydraulic piston 1278 movably disposed within an interior
region of the housing 1284, and the hydraulic cylinder 1250
includes a housing 1285 and a hydraulic piston 1280 movably
disposed within an interior region of the housing 1285. A
drive rod R1 is coupled to the hydraulic piston 1278 and to the
housing 1282, and a drive rod R2 is coupled to the hydraulic
piston 1280 and to the housing 1282. A working piston 1274
is movably disposed within the interior region of the housing
1282. The working piston is coupled to the housing 1284 and
the housing 1285 such that the working piston 1274, the
housing 1284, and the housing 1285 can move together rela-
tive to the hydraulic piston 1278 and the hydraulic piston
1280 when the actuator 1212 is actuated. Thus, rather than the
hydraulic pistons 1278 and 1280 moving relative to the hous-
ings 1284 and 1285, respectively, when the actuator 1212 is
actuated, the housings 1284 and 1285 (along with the work-
ing piston) will move relative to their respective pistons 1278
and 1280.

The housing 1284 defines within its interior region a
hydraulic fluid chamber C1 and a hydraulic fluid chamber C2,
and the housing 1285 defines within its interior region a
hydraulic fluid chamber C3 and a hydraulic fluid chamber C4.
The gears and net operating surface areas associated with a
particular gear can be determined in the same or similar
manner as described above for previous embodiments, and is,
therefore, not described in detail with reference to this
embodiment.

While various embodiments of the invention have been
described above, it should be understood that they have been
presented by way of example only, and not limitation. Where
methods and steps described above indicate certain events
occurring in certain order, those of ordinary skill in the art
having the benefit of this disclosure would recognize that the
ordering of certain steps may be modified and that such modi-
fications are in accordance with the variations of the inven-
tion. Additionally, certain of the steps may be performed
concurrently in a parallel process when possible, as well as
performed sequentially as described above. The embodi-
ments have been particularly shown and described, but it will
beunderstood that various changes in form and details may be
made.

For example, the sizes (e.g., diameters, lengths, etc.) of the
various components can be varied to provide a desired output
of the system. Although FIGS. 7-22 illustrate the various
water pumps being different sizes, each of the water pumps
can be configured to be the same size and provide the same
function and output for a given stage of the system.

Although the liquid in the compressor/expander devices
was described above as including water, other liquids can be
used, additionally or alternatively. As is to be appreciated,
water may naturally condense out of air that is being com-
pressed by the system, and in this respect, may combine with
the liquid without adverse impact. Additionally, when used in
embodiments of the expander/compressor devices, water
may evaporate into air during expansion without having an
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adverse impact. Other types of liquids, however, may be used
in addition to or in place of water. Some examples of such
liquids may include additives or entire liquids formulated to
prevent freezing, such as glycol, liquids that prevent evapo-
ration, such as glycerin, and/or liquids to prevent foaming.
Similarly, although the gas in the compressor/expander
device was described above as being air (which is a conve-
nient choice, so that ambient air can be used), other gases can
be used, additionally or alternatively.

In addition, although the system 400 was described as
having two stages each with two water pumps, and the water
pumps are each actuated by two hydraulic cylinders (an upper
and a lower hydraulic cylinder), in alternative embodiments,
more hydraulic cylinders can be coupled to the top and bot-
tom of a water pump, which can provide additional possible
gear modes. In addition, in other embodiments, a system can
be configured with a different number of water pumps and/or
a different number of stages, which can provide additional
possible gear modes. In addition, the systems and methods
described herein can be controlled using known computer
systems and control system used for such purposes.

Although in the embodiments described above, the driven
member that is driven by (or that drives) the hydraulic actua-
tor(s) is a piston that directly or indirectly applies pressure to
(or receives pressure from) a gas to be compressed (or
expanded), in alternative embodiments the driven member
can be any member desired to be driven to supply mechanical
power, or to receive mechanical power and be driven.
Examples of other applications for the disclosed systems and
methods include hydro-mechanical actuators such as those
used on commercial aircraft, applications that have a widely
varying force profile such as a hydraulic or pneumatic log
splitter, lock gates and ocean weirs, and shock absorbers as
used on cars and trucks.

The system controller (e.g., 414, 814) can include, for
example, a processor-readable medium storing code repre-
senting instructions to cause a processor to perform a process.
The processor can be, for example, a commercially available
personal computer, or other computing or processing device
that is dedicated to performing one or more specific tasks. For
example, the processor can be a terminal dedicated to provid-
ing an interactive graphical user interface (GUI). The proces-
sor, according to one or more embodiments, can be a com-
mercially available microprocessor. Alternatively, the
processor can be an application-specific integrated circuit
(ASIC) or a combination of ASICs, which are designed to
achieve one or more specific functions, or enable one or more
specific devices or applications. In yet another embodiment,
the processor can be an analog or digital circuit, or a combi-
nation of multiple circuits.

The processor can include a memory component. The
memory component can include one or more types of
memory. For example, the memory component can include a
read only memory (ROM) component and a random access
memory (RAM) component. The memory component can
also include other types of memory that are suitable for stor-
ing data in a form retrievable by the processor. For example,
electronically programmable read only memory (EPROM),
erasable electronically programmable read only memory
(EEPROM), flash memory, magnetic disk memory, as well as
other suitable forms of memory can be included within the
memory component. It is recognized than any and all of these
memory components can be accessed by means of any form
of communication network. The processor can also include a
variety of other components, such as for example, co-proces-
sors, graphic processors, etc., depending upon the desired
functionality of the code.
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The processor can be in communication with the memory
component, and can store data in the memory component or
retrieve data previously stored in the memory component.
The components of the processor can be configured to com-
municate with devices external to the processor by way of an
input/output (I/O) component. According to one or more
embodiments, the I/O component can include a variety of
suitable communication interfaces. For example, the 1/0O
component can include, for example, wired connections, such
as standard serial ports, parallel ports, universal serial bus
(USB) ports, S-video ports, local area network (LAN) ports,
small computer system interface (SCCI) ports, analog to digi-
tal interface input devices, digital to analog interface output
devices, and so forth. Additionally, the /O component can
include, for example, wireless connections, such as infrared
ports, optical ports, Bluetooth® wireless ports, wireless LAN
ports, or the like. The processor can also be connected to a
network, which may be any form of interconnecting network
including an intranet, such as a local or wide area network, or
an extranet, such as the World Wide Web or the Internet. The
network can be physically implemented on a wireless or
wired network, on leased or dedicated lines, including a vir-
tual private network (VPN).

What is claimed is:

1. An apparatus suitable for use in a compressed gas-based
energy storage and recovery system, the apparatus compris-
ing:

a pneumatic cylinder having a working piston disposed
therein for reciprocating movement in the pneumatic
cylinder, the working piston dividing the pneumatic cyl-
inder into, and defining therewith, a first pneumatic
chamber and a second pneumatic chamber;

a first hydraulic actuator coupled to the working piston to
drive, or be driven by, the working piston, the first
hydraulic actuator including a first hydraulic cylinder
and a first hydraulic piston disposed for reciprocating
movement in the first hydraulic cylinder, the first
hydraulic piston dividing the first hydraulic cylinder
into, and defining therewith, a first hydraulic chamber
and a second hydraulic chamber;

a second hydraulic actuator coupled to the working piston
to drive, or be driven by, the working piston, the second
hydraulic actuator including a second hydraulic cylinder
and a second hydraulic piston disposed for reciprocating
movement in the second hydraulic cylinder, the second
hydraulic piston dividing the second hydraulic cylinder
into, and defining therewith, a third hydraulic chamber
and a fourth hydraulic chamber; and

a hydraulic controller fluidically coupleable to the first
hydraulic actuator and the second hydraulic actuator, the
hydraulic controller operable to cause the first hydraulic
actuator to displace the working piston in a first direction
to compress gas contained in the first pneumatic cham-
ber and in a second direction to compress gas contained
in the second pneumatic chamber, the hydraulic control-
ler operable to selectively provide or not provide pres-
surized hydraulic fluid to one or more of the first, second,
third, and fourth hydraulic chambers in at least four
combinations, each combination producing a different
net actuator force on the working piston acting in the first
direction, each combination having a different net
hydraulic piston area,
wherein, in a first one of the combinations, pressurized
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pressurized hydraulic fluid is provided to the second
hydraulic chamber and not provided to the first
hydraulic chamber.

2. The apparatus of claim 1, wherein the hydraulic control-
ler is further operable to allow the working piston to be moved
in the first direction by compressed gas entering the second
pneumatic chamber to cause the first hydraulic actuator to
displace a first volume of hydraulic fluid.

3. The apparatus of claim 2, wherein the hydraulic control-
ler is further operable to allow the working piston to be moved
in the second direction by compressed gas entering the first
pneumatic chamber to cause the second hydraulic actuator to
displace a second volume of hydraulic fluid.

4. The apparatus of claim 1, further comprising a connect-
ing rod coupling the first hydraulic actuator and the second
hydraulic actuator.

5. The apparatus of claim 1, wherein the working piston is
disposed between the first hydraulic actuator and the second
hydraulic actuator.

6. The apparatus of claim 1, wherein the first hydraulic
actuator is coupled to the working piston by a first piston rod
coupled to the working piston and to the first hydraulic piston.

7. The apparatus of claim 6, wherein the second hydraulic
actuator is coupled to the working piston by a second piston
rod coupled to the working piston and to the second hydraulic
piston.

8. An apparatus suitable for use in a compressed gas-based
energy storage and recovery system, the apparatus compris-
ing:

a pneumatic cylinder having a working piston disposed
therein for reciprocating movement in the pneumatic
cylinder, the working piston dividing the pneumatic cyl-
inder into, and defining therewith, a first pneumatic
chamber and a second pneumatic chamber;

a first hydraulic actuator coupled to the working piston and
having a first hydraulic piston, the first hydraulic piston
dividing the first hydraulic cylinder into, and defining
therewith, a first hydraulic chamber and a second
hydraulic chamber;

a second hydraulic actuator coupled to the working piston
and having a second hydraulic piston, the second
hydraulic piston dividing the second hydraulic cylinder
into, and defining therewith, a third hydraulic chamber
and a fourth hydraulic chamber; and

a hydraulic controller fluidically coupleable to the first
hydraulic actuator and the second hydraulic actuator, the
hydraulic controller operable with a pressurized hydrau-
lic fluid to cause at least the first hydraulic actuator to
produce a selected hydraulic actuator force to displace
the working piston in a first direction such that gas
contained in the first pneumatic chamber is compressed
from a first pressure to a second pressure,

the hydraulic controller further operable with the pressur-
ized hydraulic fluid to cause at least the second hydraulic
actuator to produce a selected hydraulic actuator force to
displace the working piston in a second direction such
that gas contained in the second pneumatic chamber is
compressed from a third pressure to a fourth pressure,

the hydraulic controller operable to selectively provide or
not provide pressurized hydraulic fluid to one or more of
the first, second, third, and fourth hydraulic chambers in
at least four combinations, each combination producing
a different net actuator force on the working piston act-
ing in the first direction, each combination having a
different net hydraulic piston area,
wherein, in a first one of the combinations, pressurized

hydraulic fluid is provided to the first hydraulic cham-



US 9,109,511 B2

37

ber and not provided to the second hydraulic chamber
and, wherein, in a second one of the combinations,
pressurized hydraulic fluid is provided to the second
hydraulic chamber and not provided to the first
hydraulic chamber.

9. The apparatus of claim 8, further comprising a connect-
ing rod disposed between, and coupled to, the first hydraulic
actuator and the second hydraulic actuator.

10. The apparatus of claim 8, wherein the working piston is
disposed between the first hydraulic actuator and the second
hydraulic actuator.

11. The apparatus of claim 8, wherein the first hydraulic
actuator is disposed between the second hydraulic actuator
and the working piston.

12. The apparatus of claim 8, wherein the first hydraulic
actuator is coupled to the working piston by a first piston rod
and the second hydraulic actuator is coupled to the first
hydraulic actuator by a second piston rod.

13. The apparatus of claim 8, wherein the pressurized
hydraulic fluid is in fluidic communication with the high
pressure side of a hydraulic pump.

14. An apparatus suitable for use in a compressed gas-
based energy storage and recovery system, the apparatus
comprising:

a pneumatic cylinder having a working piston disposed
therein for reciprocating movement in the pneumatic
cylinder, the working piston dividing the pneumatic cyl-
inder into, and defining therewith, a first pneumatic
chamber and a second pneumatic chamber;

a first hydraulic actuator coupled to the working piston to
drive, or be driven by, the working piston, the first
hydraulic actuator including a first hydraulic cylinder
and a first hydraulic piston disposed for reciprocating
movement in the first hydraulic cylinder, the first
hydraulic piston having a first diameter and dividing the
first hydraulic cylinder into, and defining therewith, a
first hydraulic chamber and a second hydraulic chamber;
and

a second hydraulic actuator coupled to the working piston
to drive, or be driven by, the working piston, the second
hydraulic actuator including a second hydraulic cylinder
and a second hydraulic piston disposed for reciprocating
movement in the second hydraulic cylinder, the second
hydraulic piston having a second diameter, different
than the first diameter, the second hydraulic piston divid-
ing the second hydraulic cylinder into, and defining
therewith, a third hydraulic chamber and a fourth
hydraulic chamber; and

a hydraulic controller fluidically coupleable to the first
hydraulic actuator and the second hydraulic actuator, the
hydraulic controller operable to cause the first hydraulic
actuator to displace the working piston in a first direction
to compress gas contained in the first pneumatic cham-
ber and in a second direction to compress gas contained
in the second pneumatic chamber, the hydraulic control-
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ler operable to selectively provide or not provide pres-
surized hydraulic fluid to one or more of the first, second,
third, and fourth hydraulic chambers in at least four
combinations, each combination producing a different
net actuator force on the working piston acting in the first
direction, each combination having a different net
hydraulic piston area,
wherein, in a first one of the combinations, pressurized
hydraulic fluid is provided to the first hydraulic cham-
ber and not provided to the second hydraulic chamber
and, wherein, in a second one of the combinations,
pressurized hydraulic fluid is provided to the second
hydraulic chamber and not provided to the first
hydraulic chamber.

15. The apparatus of claim 14, wherein the first hydraulic
chamber includes a first hydraulic fluid port and the second
hydraulic chamber includes a second hydraulic fluid port, the
first hydraulic chamber having a first effective hydraulic pis-
ton surface area upon which application of a pressurized
hydraulic fluid communicated to the first hydraulic chamber
via the first hydraulic port produces a first hydraulic actuator
force on the working piston acting in the first direction, the
second hydraulic chamber having a second effective hydrau-
lic piston surface area, different than the first effective
hydraulic piston surface area upon which application of a
pressurized hydraulic fluid communicated to the second
hydraulic chamber via the second hydraulic port produces a
second hydraulic actuator force, different than the first
hydraulic actuator force, on the working piston acting in the
second direction.

16. The apparatus of claim 14, wherein the third hydraulic
chamber includes a third hydraulic fluid port and the fourth
hydraulic chamber includes a fourth hydraulic fluid port, the
third hydraulic chamber having a third effective hydraulic
piston surface area, upon which application of a pressurized
hydraulic fluid communicated to the third hydraulic chamber
viathe third hydraulic port produces a third hydraulic actuator
force on the working piston acting in the first direction the
fourth hydraulic chamber having a fourth effective hydraulic
piston surface area, different than the third effective hydraulic
piston surface area, upon which application of a pressurized
hydraulic fluid communicated to the fourth hydraulic cham-
ber via the fourth hydraulic port produces a fourth hydraulic
actuator force, different than the third hydraulic actuator
force, on the working piston acting in the second direction.

17. The apparatus of claim 14, wherein the working piston
is disposed between the first hydraulic actuator and the sec-
ond hydraulic actuator.

18. The apparatus of claim 14, wherein the first hydraulic
actuator is coupled to the working piston by a first piston rod
coupled to the working piston and to the first hydraulic piston,
and the second hydraulic actuator is coupled to the working
piston by a second piston rod coupled to the working piston
and to the second hydraulic piston.
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